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PHOTOSENSITIZED REACTIONS! 
By E. W. R. STEACIE 


Abstract 
A review is given of gas reactions photosensitized by metal vapors, with 


special emphasis on the reactions of hydrocarbons sensitized by zinc, cadmium, 
and mercury. 


Introduction 


In order that a photochemical reaction may occur it is necessary in the 
first place that the magnitude of the quantum of the incident light be large 


. enough, and secondly that the light be absorbed. In many cases substances 


have dissociation energies corresponding to frequencies in a convenient 
region of the spectrum, but are transparent down to the vacuum ultraviolet 
where photochemical experiments are difficult to carry out. Thus hydrogen 
has a dissociation energy of 102.7 kcal. corresponding to the energy of a 


quantum at 2776 A, but the continuum in its absorption spectrum does not 
begin till 849 A. 


If we add to the hydrogen a substance which absorbs energy of some wave 
length less than 2776 A, and which will on collision transfer this energy by 
some mechanism to a hydrogen molecule then it will be possible to effect the 
dissociation by means of radiation in an accessible spectral region. Such a 
process is called photosensitization. Mercury vapor has been the most 
widely used sensitizer, and we will discuss it first as an example. 


Resonance Radiation 


Fig. 1 gives an energy level diagram for the mercury atom. If a mercury 
atom in the ground 61S» state absorbs \2537 it will be raised to the 6 *P; state, 
which has an average life of 1.08 X 1077 sec. If the atom is left to itself it 
will drop back to the ground state and \2537 will appear again as fluorescence, 
or so called resonance radiation. If, however, the excited mercury atom 
makes an appropriate collision with a foreign gas molecule, it may be quenched 
and lose its energy without an optical transition occurring. The extent of 


1 Manuscript received June 30, 1948. 


Contribution from the Division of Chemistry, National Research Laboratories, Ottawa, 
Canada. Issued as N.R.C. No. 1802. 


Presented at the Symposium on Chemical Kinetics before the Royal Society of Canada in 
Vancouver, B.C. on June 15, 1948. 
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such quenching will depend in the first place on the number of collisions with 
foreign gas molecules, i.e, on the pressure of the foreign gas. In the second 
place it will depend on the efficiency of such collisions. This is usually expressed 
in terms of a cross section for quenching. Such cross sections vary widely, 
from 0.08 X 10-' cm.? for CH, to 60 X 10- cm.? for CsHe . 

















Fic. 1. Energy level diagram for the mercury atom, showing the more important transitions 
only. ; 


It will be noted from the energy level diagram that there are certain other 
resonance levels of the mercury atom, i.e., levels which can be reached optically 
from the ground state in a single absorption act. There are the 7*P;, 8*°P,, 
etc., and the 6'P,,7'P,, etc. All of these correspond to wave lengths in the 
vacuum ultraviolet, and only the 61P; level reached by the absorption of 
1849 is of any importance. Even it is only of importance in special circum- 
stances because of the absorption of 41849 by oxygen. 
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The Quenching Process 


An excited mercury atom by collision with a molecule of a foreign gas may 
depart from the 6*P; state with a loss of energy in three fundamentally dif- 
ferent ways: 


(1) The Mercury Atom is Transferred to the Metastable 6*P» State 


The excitation energies of the states are: 
6°P, = 4.86 ev., or 112.20 kcal. 
6°Py = 4.64 ev. or 107.17 kcal. 


Hence in dropping to the metastable state the energy transferred to the 
foreign gas molecule cannot exceed 0.22 ev. or 5 kcal. This is far too small 
for chemical reaction or an electronic transition, and the energy will ulti- 
mately merely appear as heat. That quenching does occur in this way in 
certain cases has been proved by Wood and others in the case of nitrogen. 


The metastable mercury atoms produced in this way have a relatively long 
life since they leave the metastable state only by collisional loss of energy 
and not by a transition to the ground state. It seems possible that in some 
* cases photosensitized reactions may result from a preliminary quenching of 
mercury from the 6*P, to the metastable 6*Pp state, followed by a subsequent 
“quenching” of the metastable atoms with the transfer of a large amount of 
energy: to the foreign gas molecule. Experiments with organic compounds 
along these lines appear to be needed. 


(2) Quenching by an Electronic Transition 
In this type of process we have: 

Hg(6*Pi) + RH —> Hg(6'So) + RH*, (1) 
where RH* represents an electronically excited molecule of a foreign gas. In 
this case the amount of energy which may be transferred is large, up to 112.2 
kcal., and is sufficient to break most chemical bonds if it can be efficiently 


used. There is one important restriction on this type of process which will 
be discussed later. 


The excited molecule formed in (1) may, in general, either decompose or 
be deactivated, i.e., 
RH* + RH —> 2RH (2) 
or 


RH* —> R+H (3) 


Reaction (3) involves an internal conversion of the electronic energy of the 
excited molecule to vibrational energy, and if this is effective decomposition 
of the molecule will follow. 

From a kinetic standpoint the life of the excited molecule RH* is of im- 
portance, since if the life is so short that deactivation never occurs, then (1) 
followed by (3) will be indistinguishable from the one-step process 


Hg(?P:) + RH —> Hg(*So) + R +H (4) 
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(3) Quenching by Dissociation 

A third mechanism of quenching involves dissociation of the quenching 
molecule in one step during the quenching process. This may occur either 
directly or via compound formation with the sensitizer, i.e., by (4), or by 

Hg(?@Pi) + RH —> HgH+R (S) 
followed by 

HgH — Hg+H (6) 
HgH is very weakly bound, its heat of formation (from the atoms) being only 
8.5 kcal. It therefore dissociates rapidly even at room temperature. As 
pointed out above, reaction (4) can really be regarded as a special case of 
the excited molecule mechanism in which the excited molecule has a very 
short life. 

There has been considerable controversy over the question of the parti- 
cipation of HgH in mercury sensitized reactions. It has more recently been 
found by Olsen (20), however, that it is not possible to produce resonance 
excitation of the HgH bands in mixtures of hydrogen and mercury. He 
concluded that HgH is not present in its normal state, but is formed in excited 
states by secondary processes involving hydrogen atoms. It is, however, 
possible that HgH is formed by reaction (5), but that it has sufficient energy 
to enable its almost immediate dissociation. In other words, if (6) follows (5) 
rapidly enough the over-all process becomes indistinguishable from (4). 

The intermediate formation of HgH may also occur in the case of hydro- 
carbons, e.g., 

Hg(*P:) + C:-He —> HgH + CH; . (7) 
This would merit investigation. The effect is of some importance since if 
HgH is formed as an intermediate it is possible for a bond to be broken in 
the reaction whose strength is equal to 


112.2+ 8.5 
120.7 kcal. 


excitation energy of Hg(*P;) + heat of formation of HgH 


II 


A Comparison of Zinc, Cadmium, and Mercury 


By using other metals as sensitizers it is possible to vary the energy input 
to the reacting molecule. Thus with mercury, cadmium, and zinc the fol- 
lowing excitation energies are involved: 


State Line Excitation energy 
Hg(6'P,) 1849 A 153.9 kcal. 
Hg(6 *P;) 2537 112.2 
Cd(5'!P;) 2288 124.4 
Cd(5 *P;) 3261 87.3 
Zn(4'P;) 2139 133.4 
Zn(4*P;) 3076 92.5 


In the case of cadmium (and probably zinc) however, there is one important 
difference. As we have seen Olsen’s work makes it probable that with 
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mercury—hydrogen mixtures the primary step is a direct split into two hydrogen 
atoms, rather than an intermediate formation of mercury hydride. However, 
in the case of cadmium-hydrogen mixtures illuminated with the resonance line 
at 3261 A Bender (1) and Olsen have obtained strong resonance excitation of 
CdH bands. This indicates that CdH is formed in the normal state and 
suggests that the primary step is 
Cd(5°P,;) + H. —> CdH + H. (8) 
It is therefore not at all certain a priori whether with reactions involving 
a C-H bond split in a hydrocarbon or other organic molecule we have in a 
given case 
M(*P:) + RH —> M(S) + R+H (9) 
or 
M(?Pi) + RH —> MH+R (10) 
The heat of formation of CdH is 15.5 kcal. and of ZnH 23.1 kcal. C-H 
bonds in most organic molecules have strengths in the neighborhood of 
95-103 kcal. Hence if (8) is the mechanism Cd(5*P;) and Zn(4*P) atoms 
would be incapable of causing a C—-H split. However, if the reaction proceeds 


. via (9), bonds can be broken with strengths up to 87.3 + 15.5 = 102.8 kcal., 


and 92.5 + 23.1 = 115.6 kcal. respectively. _ 

In the case of propane-cadmium mixtures illuminated with the cadmium 
resonance line at \3261 (thus giving rise to Cd (5%P,) atoms) the resonance 
excitation of CdH bands has been observed (27) and there is thus no question 
that the quenching process involves (10). 

Quenching efficiencies have been investigated only for Na(?P), Cd(5 *P;) 
and Hg(6*P;). Some of the data are given in Table I (18, 19, 22, 26, 37). 














TABLE I 
QUENCHING DATA FOR CADMIUM, MERCURY, AND SODIUM 
Quenching cross section cm.? X 10'® 
Gas 
Cd(5 8P;) Hg(6#P) * Na(32P) 
He 3.54 8.60 7.4 
CH, 0.012 0.085 0.11 
C.He 0.024 0.59 0.17 
C3Hs 0.012 2.32 0.2 
CsA 0.46, 0.64 5.88 0.3 
CoH, 24.9 48 44.0 
C3He 29.1 = 52.0 
C.Hs-1 35.2 — 58.0 
C,Hs-2 30.6 _— 58.0 
CeHe 28.4 59.9 75.0 














It will be seen that there is a general similarity in the results for the three 
metals, the olefins quenching much more strongly than the paraffins. One unex- 
plained difference between mercury and the other two is the strong increase 
in quenching cross section for the paraffins with increasing molecular weight. 
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Spin Conservation in the Quenching Process 
The processes occurring with hydrogen and a variety of hydrocarbons have 
recently been reviewed by Laidler (11) and by the author (21). In this 
section we will present views which are largely due to Laidler. Let us consider 
the quenching process in more detail, and for simplicity start with hydrogen. 
With singlet metal atoms there are two possible primary processes: 
M(}P) + Ho?@2¢+) —> M('S) + H.(?2)* (11) 
where H,('!2)* denotes a hydrogen molecule in its normal !Z electronic state, 


but containing a large amount of vibrational energy. If formed, it will 
undoubtedly usually dissociate, 


H.(32)* — > 2H(?S) (12) 
The second possibility is 
M('P) + H2(72) —> M('S) + 2H(?S) (13) 


The spin-conservation rule is obeyed in both cases. 
With triplet atoms the possible processes are 
M(?P) + H2(!2) —> M(!S) + H2(!Z)* (14) 
or 
— > M('S) + 2H(?S). (15) 
In this case (15) is satisfactory from a multiplicity point of view, but (14) is 
ruled out. Actually, (15) undoubtedly proceeds via the intermediate forma- 
tion of a complex, viz. 
M(P) + He?) —> MHZ) 
—> M('S) + 2H(?S) (16) 

It follows that with singlet metal atoms either the formation of an excited 
molecule, or a direct split to atoms is possible. With triplet atoms, on the 
other hand, only the direct split to atoms is possible. 

In the case of hydrocarbon molecules the ground state is undoubtedly '2Z, 
and the situation is thus analogous to that of hydrogen. We may therefore 
consider the reactions from a similar point of view. Thus with singlet atoms 
we have: 

M(?'P) + RH(?Z) —> M('S) + RH(!2)* (17) 
or 
— > M('S) + R(?@2Z) + H(?S) (18) 
Either (17) or (18) is possible from a spin-conservation point of view. 
With triplet atoms we have the possibilities 


M(P) + RH('S) —> MCS) + RH(3)* (19) 
— M('S) + R(?@Z) + H(S) (20) 
—> M('S) + RH(@2Z) (21) 


Reaction (19) is ruled out on a multiplicity basis. Hence the only way in 
which an excited molecule can be formed is by (21), and this presupposes the 
existence of a low-lying triplet state. 
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It should be noted that in the case of (20) it is immaterial whether the inter- 
mediate formation of a metal hydride occurs or not, i.e., we can equally well 


neve M(P) + RH(‘S) —> MH(2) + R(3) (22) 
followed by 
MH?) —> M(‘S) + H@S) (23) 


Reactions of Hydrocarbons 


Investigations have been made recently of the reactions of a variety of 

paraffins and olefins, as follows: 

With Hg@P) ethane (3, 23, 29, 30, 31), propane (2, 24), n-butane (10), 
isobutane (4), neo-pentane (3), ethylene (12, 13, 16), propylene (6), 
1-butene (8), 2-butene (8), isobutene (7), acetylene (15), butadiene (5, 36), 
and isoprene (6). 

With Cd(®P,) ethane (34), propane (28), ethylene (14, 32, 33, 35), propylene 
(14), 1-butene (14), 2-butene (14), and acetylene (15). 

With Cd ('P;) ethylene (25), and acetylene (15). 

With Zn (8P,) ethylene (9). 

With Zn ?P,) ethylene (9). 

Certain general conclusions may be drawn from the results, which will be 

reviewed in the light of the foregoing discussion. 


(1) Singlet Atoms with Paraffins 
No investigations have been made. 


(2) Triplet Atoms with Paraffins 

The paraffins have small quenching cross sections. There is no evidence 
of the deactivation of an excited molecule, since the rate of reaction rises, 
rather than falls, with increasing pressure. : The experimental evidence very 
strongly favors an initial C-H bond split, and in the case of ethane with 
Hg(®P;) hydrogen atoms have definitely been shown to be produced (3). 
The reactions therefore presumably proceed by (20) or (22) followed by (23). 
In the case of Cd(?P,) a C-H bond split can only occur via the intermediate 
formation of CdH for energetic reasons. In the case of propane with Cd(*P;) 
CdH has been shown to be present by the resonance excitation of its band 
spectrum. Reaction (19) is presumably absent because of the lack of a 
suitablé triplet excited state with the paraffins. 

The subsequent reactions of the atoms and radicals produced in the primary 
step are fairly well established. The reaction of ethane with Hg(*Pi) may 
be satisfactorily accounted for by the mechanism: 


eRe 


Sak outa hI LD 


Hg(®P:) + CsHs — > Heg('So) + CoHs + H (24) 
H + C.Hs —> C:2Hs + He (25) 

H + C.H; — C.H,* (26) 
C.He*—> 2CHs; (27) 


C.H,* + CoHe¢ — 2C.He (28) 
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(3) Singlet Atoms with Olefins 


No quenching data exist, since the life of the excited singlet states is so 
short that imprisonment phenomena make measurements impossible. There 
are, perhaps, indications that the quenching cross sections may be small. 
There is no evidence of deactivation processes, and the mechanism appears to 
involve mainly a C-H split, i.e., reaction (18). In the case of ethylene, the 
main products are those to be expected from an atom and radical mechanism. 
A small amount of acetylene is also formed, indicating that we also have, but 
to a very minor extent, 

Cd(@P,) + CoHy —> CdS) + C2H,* (29) 
C.Hy*—> C.H: + He (30) 
(4) Triplet Atoms with Olefins 


This is by far the most thoroughly investigated case. The values of the 
quenching cross sections are in all cases very large. The indications are that 
reactions (20) and (21) both occur, but that in general quenching by (21) is 
much more important than (20). 


In some cases, e.g., ethylene and Cd(*P;), quenching by (21) to form an 
excited molecule is very efficient, but there is insufficient energy for sub- 
sequent reaction of the excited molecule. 

There is strong evidence for deactivation of an excited molecule in most 
cases. The indications are that the excited molecule may subsequently 
react by a C-H bond split, or by the elimination of a hydrogen molecule to 
form an acetylenic compound. The possibilities thus are: 


M(®P:) + RH — M('So) + RH* 
RH*—>R + H 
or —> H; + acetylenic compound 
or —> no reaction, if the energy is insufficient. 


As an example of the subsequent reactions we may consider the case of 
ethylene, which has been the most thoroughly investigated (12, 13). 


With triplet mercury atoms the main products of the reaction at room 
temperature are hydrogen, acetylene, butane, and butene There is an 
initial pressure rise, followed by a decrease. At low pressures the initial 
pressure rise corresponds with the amount of hydrogen and acetylene formed. 
The rate of the reaction decreases with increasing ethylene pressure, pointing 


to a deactivation process. The initial steps in the mechanism are well 
established as: 

Hg(®P:1) + CsHs —> C2Ha* + Heg('So) (31) 

C:H.* + C,H, —> 2C2H, (32) 

C.Hsa*—> C.H2 + He (33) 


As the reaction progresses hydrogen builds up and the reaction 


Hg(?P:) + Hz —> 2H + Hg(!So) (34) 
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Ab RE PERE. SEIU Le a 


foe 











STEACIE: PHOTOSENSITIZED REACTIONS 617 


comes into play. Subsequent reactions of H-atoms with ethylene lead to 
the formation of C4 hydrocarbons, and to the subsequent decrease in pressure. 
There are also indications that the alternative primary process 


Hg(?P:) + CoHs —> C2Hs + H + Heg(!So) (35) 
comes into play to a small extent. 


At higher temperatures the initial pressure rise disappears. It is restored, 
however, by the addition of nitric oxide which acts as an inhibitor of chain 
processes. The rate of ethylene disappearance also increases at high tem- 
peratures. There seems to be no doubt that at the higher temperatures chains 
are initiated by H-atoms and vinyl radicals from (35). 


With triplet cadmium atoms (14, 34) quenching by ethylene is very strong 
(26), but very little reaction occurs. Apparently the process 


Cd(®P;) a C.H, — CH? oa Cd(4S9) (36) 


takes place with high efficiency, but because of energy restrictions the sub- 
sequent reactions of C.H,* do not occur. There is no evidence for deactivation 
processes, and it seems likely that what reaction does occur proceeds via 


Cd(@Pi1) + C_Hy —> CdH + C;H; (37) 
followed by 
CdH —> Cd('So) + H (38) 


If the reaction goes in this way 102.8 kcal. are available to break the C-H 
bond, which seems ample. 
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REACTIONS OF ATOMIC SODIUM! 


By J. W. Hopatns?, A. W. TICKNER, AND D. J. LEROY 


Abstract 


The reactions of atomic sodium with organic halides are briefly reviewed, with 
particular reference to the subsequent reactions of the free radicals formed. 
New values are reported for the rate constants of the reactions of atornic sodium 
with vinyl chloride and vinyl bromide. The formation of sodium hydride is 
shown to be important when hydrogen is used as the carrier gas. Vinyl radicals 
react with hydrogen to give ethylene. Acetylene and ethylene are formed by a 
disproportionation reaction. 


Introduction 


Ever since the classical experiments of Paneth (14) on the identification 
of the methyl radical, the attention of kineticists has been focused on the 
subject of free radicals of short life. During the past two decades a body of 
data has accumulated which proves beyond doubt that atoms and free radicals 
take part in a great many reactions. The most comprehensive treatise on 


the subject is that of Steacie (19). 


The essential difference between free radicals and ordinary molecules, and 
the factor which accounts for their great reactivity, is the presence of an 
unshared electron. Although most of them are quite stable with respect to 
decomposition, their electron configuration is such that they react very readily 
either with other radicals or with ordinary molecules. 


One of the most unequivocal pieces of evidence for the occurrence of free 
radicals comes from a study of the reaction of atomic sodium with various 
organic and inorganic halides (2, 15). The principle of the method can be 
shown with the aid of Fig. 1. 











Fic. 1. The diffusion flame apparatus. 


A carrier gas, such as hydrogen or nitrogen, is passed over the surface of 
molten sodium* in the carburetor. This is normally maintained at a tem- 
perature in the range 200° to 300° C.; the corresponding vapor pressures of 


1 Manuscript received June 30, 1948. 

Contribution of the Department of Chemistry, University of Toronto, Toronto, Canada. 
Presented at the Symposium on Chemical Kinetics before the Royal Society of Canada in Vancouver, 
B.C. on June 15, 1948. 

2 Present address: Defence Research Chemical Laboratories, Ottawa, Canada. 


* Some work has been done with metals other than sodium, e.g., potassium, cadmium, and 
sinc. 
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sodium are in the range 107* to 10°? mm. (16, 17). Under these conditions 
the vapor-phase equilibrium Naz,= 2 Na is predominantly on the side of 
atomic sodium; the degree of dissociation of the saturated vapor varies 
from 0.9993 at 181.8° C. to 0.9999 at 396.5° C. (7). For practical purposes, 
then, the gas issuing from the nozzle can be considered to contain the carrier 
gas and atomic sodium at a partial pressure approaching the saturation value 
for the particular temperature used. Here it meets a parallel stream of gas 
containing the halide, vinyl chloride or vinyl bromide in the case of the 
experiments to be reported here. The sodium atoms, with their odd electrons, 
react with the vinyl halide to form the sodium halide and free vinyl] radicals. 

Polanyi and others have shown that this reaction is truly bimolecular, the 
rate being proportional to the product of the concentrations of atomic sodium 
and the organic halide: 


Na + C.H3;Br = NaBr + C:Hs3 
— d[Na]/dt = — d{(C.,H;3Br]/dt = k[Na] [C2H3Br]. 


The reaction takes place in a more or less spherical zone surrounding the jet. 
In any infinitesimal spherical shell the concentration of sodium is determined 
by the rate at which it is consumed by reaction and the rate at which it is 
replenished by radial diffusion from the jet. Heller (10) has investigated 
the conditions under which the differential equations can be solved. Provided 
these conditions are adhered to, the partial pressure of sodium vapor, p, at 
any distance, 7, from the center of the reaction zone, will be given by the 
expression: b= pre ext 
where ?; is the partial pressure of sodium at the jet (usually taken to be identi- 
cal with the vapor pressure of sodium at the temperature of the carburetor, #), 
k is the rate constant for the reaction, [X] is the partial pressure of the halide, 
and D is the diffusion coefficient of atomic sodium. The reaction zone is 
made visible by illuminating it with the light from a sodium lamp. The yellow 
D lines are absorbed by the atomic sodium and give rise to a yellow fluorescence 
in the reaction zone. It is for this reason that the technique is referred to as 
the ‘Diffusion Flame’? method. It has been found by Polanyi and his 
coworkers, and confirmed in this laboratory, that visible fluorescence does 
not occur at pressures of sodium less than approximately 2 X 1075 mm. 
Denoting this pressure by po, the following expression is obtained for the 
rate constant: 


In p:/Po)? 
p= PvP!’ . DX), 


where 7 now refers to the radius of the ‘‘flame’’. 


The diffusion flame technique has been applied in this laboratory to an 
investigation of the vinyl radical. The essential parts of the apparatus are 
shown in Fig. 2. The reaction cell is shown at H. It was provided with 
plane circular windows for viewing the flame. The dotted portion was sur- 
rounded by an electric furnace. The temperature was controlled by the 
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bimetallic regulator, 7.R. Pure hydrogen was admitted to the system through 
a hot palladium thimble and circulated in the direction of the arrows by means 
of the mercury diffusion pump, K. The flow rate was calculated from the 
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Fic. 2. Apparatus of Hodgins, Tickner, and LeRoy. 


pressure differential across the calibrated orifice, C, measured with the double 
McLeod gauge, D. The pressure in the reaction cell was measured with the 
McLeod gauge, B. The partial pressure of halide was controlled by adjusting 
the temperature of its reservoir and by adjusting the setting of the Hoke high 
vacuum needle valve, NV. Residual halide, as well as condensable products, 
was collected continuously in the traps, Z, F;, and F2. 


The rate constants and activation energies of the reaction of atomic sodium 
with a large number of organic compounds have been determined by essentially 
this method. Data on 91 reactions of this type are recorded by Steacie (19). 
The prime purpose of the present investigation, however, was not to investigate 
the initial reaction with sodium, but rather to study the subsequent reactions 
of the vinyl radicals. With this in view, no great effort was made to obtain 
exact agreement with the published values for the initial reaction, although 
our results for vinyl chloride and vinyl bromide are in reasonably good agree- 
ment with those of Hartel, Meer, and Polanyi (9) and Evans and Walker (6). 

The diffusion flame technique has been used by several workers to produce 
free radicals and to study their reactions. Hartel (8), in studying the reaction 
between methyl bromide and sodium, found that the carrier gas, hydrogen, 
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was gradually used up, and that two moles of methane were formed for 
every mole of hydrogen consumed. This was attributed to the reaction: 


CH; ao H. = CH, + MH. 


The temperature coefficient of methane formation corresponded to an activa- 
tion of approximately 8 kcal. per mole, in good agreement with values obtained 
by entirely different methods. Using nitrogen as the carrier gas, the only 
product was ethane, presumably formed by the association of two methyl 
radicals. Analogous results were obtained with phenyl chloride and benzoyl 
chloride; the corresponding products, diphenyl and benzil, were formed 
almost quantitatively. 


Horn, Polanyi, and Style (12) were able to study the reactions of chlorine 
and iodine vapor with the free radicals formed in the diffusion flame by 
modifying the apparatus as shown in Fig. 3. The radicals formed in the 
primary reaction zone I entered a second reaction zone II through a jet Dz, 
where they could"react with either chlorine or iodine. It was found that 10% 
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Fic. 3. Apparatus used by Horn, Polanyi, and Style to study the reactions of free radicals 
with chlorine and todine vapor. 


of the methyl radicals formed by the reaction of methyl bromide with sodium 
in zone I entered zone II where they set up a chain reaction between the 
hydrogen carrier gas and the chlorine. In the absence of sodium no chain 
reaction took place. Using iodine, instead of chlorine, it was found that 
methyl radicals, from methyl bromide and sodium, gave methyl iodide; and 
that ethyl radicals, from ethyl bromide and sodium, gave ethyl iodide. Horn 
and Polanyi (11) found that phenyl radicals, from the reaction of phenyl 
bromide and sodium, would either recombine to form diphenyl or react with 
iodine to form phenyl iodide. The total yield of the two products, based on 
the sodium used up in the primary zone, was approximately 93%. 


Allen and Bawn (1) used the mirror technique of Paneth to identify the 
methyl radicals formed by the reaction of methyl bromide with sodium. 
Mirrors of antimony or tellurium could be deposited on a window by heating a 
small furnace which could then be rotated out of the way. In the case of tel- 
lurium they identified the compound dimethyl ditelluride, CH;-Te-Te—CHs. 
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Antimony mirrors were removed by both ethyl and methyl radicals, formed 
from the corresponding bromides and sodium. Phenyl radicals, from phenyl 
chloride and sodium, removed tellurium mirrors but not antimony mirrors. 

Bawn and Hunter (3) were the first to study the reactions of biradicals 
produced by the diffusion flame method. Their apparatus is shown in Fig. 4. 
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Fic. 4. Apparatus used by Bawn and Hunter to produce the tetramethylene biradical. 


They reversed the usual procedure and introduced the halide, 1,3-dibromo- 
propane, into the sodium vapor. With the temperature of the furnace set to 
give a large excess of sodium the only products removed from the reaction 
vessel were propylene and cyclopropane. At lower pressures of sodium a third 
product, 1,6-dibromo-n-hexane, appeared. At still lower pressures of sodium 
some 1,3-dibromopropane came through unchanged. The only explanation 
seems to be that with an excess of sodium both bromine atoms are 
removed from the dibromopropane, forming the trimethylene biradical, 
—CH,—CH:,—CH,—; this either isomerizes to form propylene or cyclizes 
to form cyclopropane. The latter reaction was shown to be homogeneous, 
the former to be at least partially heterogeneous. 
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An extensive investigation of biradicals was undertaken by Bawn and 
Milsted (4). Their procedure (v. Fig. 5) differed from that of Bawn and 
Hunter in that a carrier gas was used for both the sodium and the halide. 
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Fic. 5. Apparatus used by Bawn end Milsted to study the reactions of biradicals. 











Either hydrogen or nitrogen was used for this purpose. Their results, to- 
gether with those of Bawn and Hunter, are shown in Table I. The numbers 
in parentheses refer to the percentages of the various products. In most of 


TABLE I 


REACTIONS OF BIRADICALS PRODUCED IN THE SODIUM FLAME 














Radical Reaction products 
—CH.— Ethylene (100). With Hz: methane (92); ethylene (8) 
—CH,—CH:—CH.— Propylene, cyclopropane (100) 
—CH,(CH:2)2,CH:— Ethylene (41); butene (59) 
—CH:(CH2);CH2— Ethylene (10); propylene, cyclopropane (10); pentene, 
cyclopentane (80) 
—CH)2(CH.),CH:— Cyclohexane (95) 
CH,CH=— Ethylene (100). Same result with He 
a Butene (100) 





the experiments nitrogen was used as the carrier gas. In the case of ethylidene 
bromide, the absence of any product other than ethylene, with either hydrogen 
or nitrogen as the carrier gas, was taken as evidence that the ethylidene radical 
has no separate existence. Both the tetramethylene and the pentamethylene 
biradicals are sufficiently unstable to give decomposition products. The 
trimethylene and hexamethylene biradicals, on the other hand, appear to be 
quite stable with regard to decomposition. 


Experimental Results 
The Primary Reaction 


The rate constants of the primary reactions between the vinyl halides and 
sodium were obtained merely as a check on the experimental procedure. 
Some of the data obtained are given in Table II. 
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TABLE II 


THE PRIMARY REACTION OF SODIUM WITH VINYL CHLORIDE AND VINYL BROMIDE 














Halide 1 °C. Pt, H2, Flowrate, (X)}. | 27, k, E, 
: mm. X 103} mm. | moles/sec. X 105} mm. cm. jcm.3 molecules sec.—! | kcal. 

Chloride 271 4.3 3.50 1.60 0.40 2.0 1.25 X 10-12 + 
Chloride 270 4.1 2.16 4.37 0.49 ae 1.61 6.9 
Chloride 282 6.6 3.98 2.00 0.86 2.0 0.489 8.4 
Bromide 283 6.8 2:84 0.91 0.21 a5 6.16 5.4 
Bromide 271 4.3 2.38 0.96 0.12 2.0 7.56 5.2 





























In conformity with the practice of Polanyi and his collaborators the activation 
energies listed in the last column were computed from the observed rate 
constants assuming a steric factor of unity and a collision cross section of 
3.5 X 10-% cm? The values of the diffusion coefficient, D, were obtained 
from Hartel, Meer, and Polanyi (9). 


Reactions of the Vinyl Radical 


' Hydrogen was used as the carrier gas in the hope of observing some reaction 
between it and vinyl radicals. Attempts to detect products in the experi- 
ments using vinyl chloride were not very successful owing to the large excess 
of halide present in the condensable gases. As seen from Table II, somewhat 
smaller concentrations of vinyl bromide are required for a given flame diameter 
than in the case of vinyl chloride. In several of the experiments using the 
bromide, ethylene and acetylene were detected and positively identified, 
both by measuring their vapor pressures over a range of temperature and by 
chemical analysis. 


It seemed logical to assume that ethylene was formed by the reaction of 
vinyl radicals with the hydrogen. If this were the case one would expect 
to find a considerable decrease in the hydrogen pressure during the course * 
of an experiment, for although the volume of ethylene amounted to only 
about 1% of the total condensable gas, the volume of hydrogen which would 
be consumed should be a comparatively large fraction of the hydrogen origin- 
ally added. Actually no decrease in hydrogen pressure was observed. This 
was accounted for by assuming that some of the hydrogen added to the 
system before admitting the vinyl bromide had formed sodium hydride, 
and that as hydrogen was consumed by reaction with the vinyl radicals more 
was produced by dissociation of the sodium hydride. 


This theory was checked by performing a series of experiments in which 
no vinyl bromide was used. Several millimeters of hydrogen were admitted 
to the system, with the furnace at a fixed temperature, and left until a constant 
pressure was obtained. After noting this pressure, the temperature of the 
furnace was changed and the new value of the steady pressure observed. 
This process was repeated a number of times using more than one filling 
of hydrogen and approaching the various temperatures from both sides. 
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The steady pressures obtained in this way are plotted against the temperature 
in Fig. 6. The solid line represents the dissociation pressures of sodium 
hydride and was drawn from the data of Sollers and Crenshaw (18). Although 
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Fic. 6. The formation of sodium hydride in the diffusion flame apparatus. The smooth 
curve was drawn from the data of Sollers and Crenshaw. 


their equation was for the temperature range 310° to 380° C., the agreement 
with our data is satisfactory proof that sodium hydride is actually formed 
in the reaction system, and accounts for the absence of a pressure decrease 
when ethylene is formed. 

The best quantitative information obtained so far is from the last experiment 
of Table II. By precise low-temperature fractionation a sample comprising 
1.5% of the total condensable product was separated from the unreacted 
vinyl bromide. On analysis this was found to contain 7.32 X 10-5 mole of 
ethylene and 0.80 X 10-* mole of acetylene. In the same experiment 12.9 X 
10-> mole of sodium reacted, on the assumption that the carrier gas was 
saturated. The ethylene and acetylene then account for 63% of the total 
possible products. The remaining 37% might be accounted for in a number 
of ways, (a) the carrier gas was probably not saturated with sodium, (b) the 
ethylene and acetylene may have been incompletely recovered from the vinyl 
bromide, (c) there may have been some butadiene formed by recombination. 
Unfortunately the vapor pressures of butadiene and vinyl bromide lie so close 
together that separation is practically impossible by low-temperature distil- 
lation. It is hoped to overcome this latter difficulty by using vinyl iodide. 


Discussion 


The experimental results reported at this time are of necessity qualitative 
in nature and further experiments will have to be performed before actual 
rate constants can be given. However, the following reactions of the vinyl 
radical would appear to be established: 


C;:H; + He = C.Hi + H (1) 
and 


C.H; + C2H; = C:H2 + C2H, (2) 
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Reaction (1) has already been postulated in the reaction of atomic hydrogen 
with acetylene (13, 21). A minimum value of its activation energy can be 
obtained from the data of Stevenson (20) on the C—H bond strength of 
eh CH: + H = CHs + 91.1 kcal. 

H. = H+ H — 103.6 kcal. 


C.H3 + He. = C.H, + H aa 73.5 kcal. 


If Stevenson’s value is correct the activation energy of (1) would have to be 
at least 12.5 kcal. per mole. In spite of this large value there seems to be no 
other satisfactory way of accounting for the larger part of the ethylene formed. 





Reaction (2) is exothermic: 
2 CoH3 + 2H = 2 CoH, + 182.2 kcal. (20) 
C.H, CoH. + He — 42.2 kcal. (5) 
He. = 2H — 103.6 kcal. 


2 C.H3 = C.He —- C,H, -- 36.4 kcal. 


A larger value for the C—H bond strength in ethylene would make (2) even 
more exothermic. The change in enthalpy is similar to that for the dispropor- 
tionation of saturated radicals where the activation energies are close to 
zero (19). 

It is clear from our results that if sodium hydride formation is to be avoided, 


the hydrogen pressures used must be lower than the dissociation pressure of 
the hydride. 


The reaction of atomic sodium with the vinyl halides has opened a wide 
field for the investigation of unsaturated free radicals, about which very little 
is known. It is hoped that the experiments now in progress will help to extend 
our knowledge of the elementary reactions of radicals of this type. 
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HALOGEN SENSITIZED PHOTOREACTIONS! 
By J. W. T. SpInKs 


Abstract 


Spectroscopic evidence indicates that reactions photosensitized by fluorine 
would take place by way of fluorine atoms. Similarly, the sensitizing action of 
chlorine will practically always be.due to chlorine atoms. For bromine, when 
the wave length is less than 5107 A, reaction will be by way of bromine atoms. 
Experiments using wave lengths 5107-6290 A also probably involve bromine 
atoms although the possibility of reaction due to excited bromine molecules 
cannot be wholly ruled out. Iodine atoms are produced in photosensitization 
experiments involving iodine and wave lengths less than 4989 A. Experimental 
evidence also favors the production of iodine atoms using wave lengths up to 
6200 A. Mechanisms in accordance with the above are advanced for a number 
of chlorine sensitized oxidation reactions. In the oxidation reactions an inter- 
mediate compound with a trivalent carbon is formed which reacts with oxygen 
forming a peroxide, giving rise to a chain reaction. Reactions sensitized by 
bromine and iodine are also discussed. It appears that all the halogen sensitized 
gaseous photoreactions thus far known can be explained by chemical mechan- 
isms involving halogen atoms. 


Introduction 


In a series of photochemical reactions, the halogens are the active light 
absorbing component. The halogens enter directly into some of the reactions, 
in others they merely act as sensitizers. As is well known, sensitized reactions 
may take place in the gaseous, liquid, or solid phase. This paper will deal 
mainly with homogeneous gas reactions sensitized by the halogens.* 

When a molecule absorbs light, one of a number of things may happen; 
the molecule may be excited, dissociated or predissociated, or possibly even 
ionized. Fortunately the nature of the absorption spectrum often indicates 
what happens to the molecule when it absorbs a light quantum, that is, the 
absorption spectrum indicates the nature of the primary photochemical act. 

Before considering the various sensitized reactions the halogen absorption 
spectra will be discussed briefly together with the conclusions to be drawn 
therefrom concerning the effect of absorption of light by a halogen molecule. 


Halogen Absorption Spectra 


The ground state of the halogen molecule is a 1D." state which yields, on 
dissociation, two normal atoms (?P3,/2)._ Absorption bands are known for the 
halogens corresponding to a transition from the 'Z. ground state to a “II,4. 
upper state (Fig. 1). The bands converge to a limit corresponding to dis- 
sociation into one normal (?P3,/2) and one excited (*P,) halogen atom (see, 
for example (28, p. 497) ). 


1 Manuscript received June 30, 1948. 
po Contribution from the Department of Chemistry, University of Saskatchewan, Saskatoon, 
ask, 
Presented at the Symposium on Chemical Kinetics before the Royal Society of Canada in 
Vancouver, B.C. on June 15, 1948. 
* In accordance with a suggestion of the organizing committee, work done in the author's 
laboratory has been emphasized. 
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Fluorine 

Thus far, no band absorption has been observed for fluorine. However, in 
the ultraviolet, fluorine shows a region of continuous absorption that has a 
maximum at 2980A. (9, p. 102; 58). It is assumed that absorption in the 
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continuum corresponds to a dissociation into a normal fluorine atom (?P3,2) 
and an excited fluorine atom (?Pj, 0.05 v. excitation energy). 

Any photosensitized reactions of fluorine would, therefore, necessarily take 
place by way of fluorine atoms. Thus far such reactions have not been 
investigated owing to the extreme reactivity of fluorine. However, a sensitized 
decomposition of the oxide F202 (46, 47) would, no doubt, be possible, similar 
to the chlorine sensitized decomposition of the chlorine oxides. 


Chlorine 

Chlorine absorbs quite strongly in the visible and ultraviolet regions of 
the spectrum. There isa series of bands in the yellow and the green, extending 
as far as 5600A (21, 25). These bands correspond to a transition from the 
1y,* ground state to a ‘II,,, state. The bands converge to a limit at 4785A. 
Beyond this limit there is a continuum, absorption in this continuum producing 
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a photodissociation into a normal (*P3,2) and an excited chlorine atom (?Pj, 
0.109 v. excitation energy). 


According to Aickin and Bayliss (2), the continuum really consists of two 
overlapping continua called A and B. The main one, A, has its maximum 
at 3300A and it is suggested that it is due to a Il, — 127 transition. Mulliken 
(39) thinks that this transition would be weak. Absorption in this region 
would cause dissociation into normal atoms (?P3;2). 


The other region, B, has its maximum near 4600 A and extends beyond 
5000 A and is thought to be composite and due to*II,,, 227 and ‘Il, —'2¢. 
Dissociation in the former continuum, corresponding to the visible bands, 
gives *P3,2 plus *P, (excited) while dissociation in the latter would give two 
normal atoms. In the region 5040-5320 A, Jones and Spooner (30) found 
an appreciable absorption between the band lines and attributed it to an 
underlying continuum, although the possibility of unresolved fine lines could 
not be absolutely excluded. They concluded that this continuum is mainly 
responsible for the absorption in this region. Aicken and Bayliss (2) suppose 
absorption in this region is mainly due to a transition to the II, state, which 


_dissociates into normal atoms. Allmand and Craggs (4) had previously 


supposed that a radiationless transition took place from the excited “I... 
state into ‘II, or *II;,. This is improbable since there is no blurred structure 
in this region. 

Thus, from the spectroscopic evidence, we conclude that the action of 
chlorine as a photosensitizer will practically always be due to chlorine atoms 
although the existence of band absorption in the visible indicates that excited 
chlorine molecules are possible. It should be mentioned however, that the 
very low value of the extinction coefficient in the region of band absorption 
makes experiments at these wave lengths very difficult. 


Bromine 


The absorption spectrum of bromine shows a series of bands beginning in 
the red and having a convergence limit at 5107 A (9). The lower state giving 
rise to these bands is 127, the upper “II,,,. Absorption in the continuum 
below 5107A gives rise to atoms in the *P3,2 and *P, states, the latter possessing 
0.454 v. excitation energy. From experiments on the absorption at elevated 
temperature Acton, Aicken, and Bayliss (1) suppose that the continuum 
really consists of two overlapping continua, a strong one with a maximum 
at 4150A and a weak one with a maximum at 4950A. Two possible explana- 
tions were put forward, the first being that the short wave maximum was due 
to II,,,,<—!27 and the long wave maximum to ‘II, — 123 ; the second explana- 
tion being that the short wave maximum was due to "II, — '27 and the long 


wave to 'II,,,<-'2>. ‘Il, isa repulsive state. Mulliken (39) inclines to the 
view that the transition "II, '2Z.* is fairly important for bromine but not 


for chlorine or iodine. 


The heat of dissociation of bromine into normal atoms is 1.961 v. and this 
. “as . . . ° 
means that there is the possibility of dissociation up to 6290A. Actually a 
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further band system was found by W. G. Brown (13) between 7500 and 6400A, 
the bands converging to a limit corresponding to dissociation into two normal 
atoms (?P3/2). Darbyshire (19) extended the measurements to 8180A. He 
assigns the main system between 5113 and 6590A to *I1,,, <— '2%, and the 
extreme red system between 6448 and 7605A to “II; <— '53. 

From the photochemical evidence afforded, for example, by the union of 
hydrogen and bromine in the band region and the continuum, Jost (31) 
concludes that practically all primarily excited bromine molecules dissociate 
subsequently by collision. The photoreactions of bromine with cyclohexane 
(32), ozone (54, 40), chlorine dioxide (55), platinum (57), and chlorine (10), 
support this conclusion. Experiments of Rabinowitch and Wood (42) 
indicate that iodine behaves similarly. 

However, the fact that the wave length 5460A excites fluorescence in 
bromine indicates that all the excited bromine molecules do not necessarily 
dissociate subsequently by collision.* Dissociation would be impossible in 
the region 6400-7500A but unfortunately the low extinction coefficient 
makes experiments practically impossible at these wave lengths. Brown 
also mentions that there is a faint underlying continuum extending to 6400A. 
It would be interesting to have experiments similar to those of Jones and 
Spooner for chlorine performed for bromine in order to get some idea of the 
relative importance of the absorptions in the band and continuous regions 
below 6400A. 

Thus in sensitization experiments where the wave length of the light is less 
than 5107A we are certainly dealing with bromine atoms. In experiments 
using wave lengths from 5107-6290 A we are probably dealing with bromine 
atoms although the possibility of reaction due to excited bromine molecules 
cannot be wholly ruled out. 


Iodine 
The absorption spectrum of iodine vapor begins in the infrared and extends 
to the ultraviolet. A series of bands is found in the red and the green with a 


convergence limit at 4989.3A. These bands correspond to a “II,4, << '2¢ 
transition. Absorption in the band region produces an excited molecule but 
Rabinowitch and Wood (42) give experimental proof that practically all iodine 
molecules, excited by absorption of light of wave length 4990-6200A, sub- 
sequently dissociate into atoms because of collisions with foreign molecules. 
Absorption in the continuum produces a normal (?P3,/2) and an excited 
(?P,) atom (0.937 v.). The extinction coefficient curve for iodine shows a 
shoulder which is, however, only slight and not necessarily due to two upper 
electronic states. The main continuum is thought to be due to *II,,, <— 27 
with possibly a small effect due to II — 127. There is also an absorption 


* Pressure will probably be an important factor in determining the relative importance of 
fluorescence or collisional dissociation. 
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region between 9300 and 8300A with a continuum whose maximum lies at 
7320A. This absorption is probably due to a “II,,, <— '2% transition; absorp- 
tion in this continuum produces two normal atoms. Owing to the very low 
extinction coefficient in this region, light of this wave length is of no 
importance in photochemistry. 


Two further absorption regions, between 2700 and 1750A and below 1750A, 
also lead to dissociation (17). The bands in the far ultraviolet have a con- 
vergence limit at 1684A corresponding to dissociation into ions, I+ and I-. 
However, the photochemistry of the Schumann region will not be discussed 
here. 

Thus, in photosensitization experiments involving iodine and wave lengths 
below 4989A, iodine atoms are certainly produced and experimental evidence 
seems also to favor the production of iodine atoms for wave lengths up to 
6200A., i.e., over the whole of the experimentally accessible region. 


Some of the gaseous photoreactions sensitized by the halogens will now be 
discussed, bearing in mind the probable course of the primary photochemical 
action indicated by spectroscopic studies. 


The Action of Chlorine 


1. The Decomposition of Ozone 


Chlorine sensitizes the decomposition of ozone both thermally and photo- 
chemically, oxygen being produced. Early workers found a quantum yield 
of about 2 and the mechanism was thought to be particularly simple (8, 59, 60). 

Cl + hv — Cl* 

Ci,* + O; —> O,;* 

O;* + O; —> 302, where * indicates an excited molecule. 
The fact that absorption of light in the continuum, by chlorine, leads to the 
production of chlorine atoms, and not excited chlorine molecules, led Allmand 
and Spinks to reinvestigate this reaction (5). 


It was found that with less than 7% ozone, the quantum yield is about 3. 
The reaction is zero order with respect to ozone concentration until the 
ozone is practically all decomposed, when the rate suddenly increases (5, 8). 
A similar sudden increase in rate is observed for nitrogen trichloride (41). 
When higher ozone concentrations are used, quantum yields up to 60 are 
observed, indicating the occurrence of a chain reaction. With increasing 
ozone concentration or decreasing chlorine concentration, the reaction 
approaches the I,4, type. At the same time the reaction becomes sensitive 
to small temperature changes and to changes in surface (27). The formation 
of chlorine dioxide and chlorine trioxide as intermediate products can be 
shown and under suitable conditions dichlorine hexoxide separates out on the 
walls of the vessel as a red liquid (41, 44). Dichlorine heptoxide is also formed 
under certain conditions (44). Dichlorine heptoxide is relatively inert, but 
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chlorine trioxide undergoes various reactions such as thermal and photo- 
sensitized decomposition and reaction with ozone (33, 44). As a simplified 
mechanism for this reaction the following is suggested: 


Ck +hy —> C1+Cl (1) 
Cl +0;+M — Cl0,+M (2) 
ClO; + O; —> ClO, + 202 (3) } hai 
ClO, +0; —> ClO, + 0, nae 
2ClO; —> C1:05 (5) 
ClO. —> Cl. + 302 (6) 


Reactions 3 and 4 are known definitely to take place (6, 43, 50). Goodeve 
and Todd (24) state that the oxide in (5) exists mainly as chlorine trioxide 
in the gas phase but as dichlorine hexoxide in the liquid phase. 

Rollefson and Burton (43) explain the formation of the heptoxide by the 
following reactions: 

ClO; + O; —> ClO; + O2 
ClO; a ClO, ——— Cl,07 

It will be realized that when the various possible thermal and photoreactions 
of the intermediates are taken into account, the reaction is scarcely as simple 
as Bonhoeffer supposed (y = 2) in 1923. 


2. The Decomposition of Chlorine Monoxide 


Chlorine photosensitizes the decomposition of chlorine monoxide (7), the 
rate of decomposition being proportional to the amount of light absorbed. 
The quantum yield is 2, the same as for the direct photodecomposition. 
This can be very satisfactorily explained by the following mechanism: 
From spectroscopic evidence the mechanism of the direct decomposition is 

ClO + hy —> ClIO+ Cl 
Cl + CLO —> Chk + ClO 
followed by reactions of ClO such as 
The mechanism suggested for the sensitized reaction is 
Cl + hy — C+Cl 
2clo —~> Ch + Oz 


leading to the same quantum yield as before. 


3. The Decomposition of ClO, and ClO; 

Experiments have not yet been done on the chlorine sensitized decom- 
position of chlorine dioxide, although there is no doubt that it would go as 
readily as the bromine sensitized decomposition to be described in the next 
section. Preliminary experiments have recently been done on the sensitized 
decomposition of chlorine trioxide (33). Gaseous chlorine trioxide absorbs 
in the ultraviolet with a threshold at about 3500A (23). Consequently, 
with the maximum pressure of chlorine trioxide possible at 3° C. very little 
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light is absorbed at 3650A. On adding chlorine and insolating with 3650A, 
a sensitized reaction takes place, the quantum yield being about 0.7. In 
calculating this quantum yield, the over-all photoreaction was assumed to 
be 2 ClO; —> Cl; + 302, and the reaction was followed by the pressure 
change on a glass spoon gauge. More work has to be done on this reaction 
before a mechanism can be put forward. 


4. The Decomposition of Nitrogen Trichloride 


The chlorine sensitized decomposition of nitrogen trichloride has been 
extensively studied (26). The reaction is of zero order with respect to the 
nitrogen trichloride until the reaction is nearly complete; then a semiexplosive 
reaction occurs. With a high chlorine pressure, the quantum yield approaches 
a limiting value of 2. The primary action is 


Cl + hy —> C1+Cl (1) 
which is followed by 
NCI; + Cl —> NCh + Ch. (2) 


The NCl, then reacts, producing chains that are short at ordinary tem- 
perature, 

NCl. + NCl; — > Ne + 2Cl. + Cl (3) 
While the quantum yield was independent of a 2.5-fold variation of surface, 
there were some indications that the state of the surface might enter indirectly 
as a factor in the decomposition. In vessels that had been freshly washed, 
quantum yields 50% higher than usual were occasionally observed. Chain 
rupture was supposed to be dye to 

Cl + NCI; + X — NCI + X* (4) 

2 NCl, + (surface catalyst) —> N. + 4Ch (5) 
It can be shown that using this mechanism 


(NCI) (NCl3) = constant. 


The semiexplosive termination might therefore be due to the building up 
of the intermediate product, NCl2 , as (NCI3) approaches zero. The sudden 
increase in (NCl.) might cause other heat producing reactions such as 


to become important, producing a sudden rise in pressure. 


5. Oxidations 


Chlorine also acts as sensitizer in a number of extremely interesting oxida- 
tion reactions of simple carbon compounds (48). For example, chlorine and 
carbon monoxide unite to form phosgene but in the presence of oxygen the 
formation of phosgene is practically completely suppressed and a sensitized 
formation of carbon dioxide takes place (11). It seems probable that the 
radical COCI is formed as an intermediate. This radical reacts preferentially 
with oxygen forming a peroxide which gives rise to a chain reaction in which 
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the halogen is re-formed and the organic substance oxidized with a quantum 
yield that may amount to about 10* molecules per quantum. 


Cle + hv —> 2Cl (1) 
Cl+CO+M — COCI+M (2) 
COCI + QO. — > CO;Cl (3) 
CO;Cl —> CO; + ClO (4) 

ClO + CO — CO, + Cl (5) 


The chain carrier in this case is probably ClO. 

Chloroform plus chlorine gives carbon tetrachloride in the light, but, in 
the presence of oxygen, phosgene is formed almost quantitatively with a 
quantum yield of about 100 (16). 


Cl + he) — C1 + C1 (1) 
c+cHc, —. CO, + HCI (2) 
CCl +0, —» COC, (3) 
CO.Cl, —> COCI, + CIO (4) 

co + ch, —— BC+ COC", 4+ A (5) 


Here the radical CCl; appears that forms a peroxide which yields phosgene 
and a chain carrier. 

Experiments recently carried out in this laboratory indicate that Reaction 
(5) actually does take place when chloroform reacts with a ClO radical prepared 
by shining light on chlorine dioxide. 

ClO: + hy —> ClO+ 0 
This and similar reactions are being investigated in detail. 

According to Franke and Schumacher, trichlorobromomethane also gives 
phosgene in the presence of oxygen plus chlorine (22). A mixture of tetra- 
chloroethylene and chlorine forms hexachloroethane on illumination but in 
the presence of oxygen, trichloroacetyl chloride is formed (20). 


Ch + hy — C1+C (1) 

Ci + C,Cl, —> CCl, (2) 
CCl; + O2 —> C2C1;02 (3) 
C:Cl,02. —> CCl;.COCI + ClO (4) 

ClO + C:Cl, —> CCl;.COCI + Cl (5) 


Trichloroethylene similarly gives dichloroacetyl chloride (37). Chloral gives 
mainly phosgene (3). 

In order to clarify some of the foregoing oxidations, Brenschede and 
Schumacher investigated the reactions of methane, methy! chloride, methylene 
chloride, and formaldehyde with oxygen plus chlorine and light (12). Methane 
yields mainly carbon dioxide, methyl chloride yields more carbon monoxide, 
and methylene chloride yields carbon monoxide and phosgene in the ratio 
10:1. Inthe last reaction the radical CHCl, apparently reacts with oxygen, 
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forming a peroxide that yields formyl] chloride and a chain carrier. Chlorine 
is practically not used up in the reaction. 


H Cl 
wf * 
C C=O + ClO 
r™ - 
cr OO: cr HCI + Co 


CHCl, os O: —_> 


Formy! chloride undergoes either a thermal or chlorine sensitized decomposi- 
tion yielding hydrogen chloride plus carbon monoxide (45). The formation 
of a peroxy compound was shown in the methane reaction by streaming experi- 
ments in which the products were frozen out in a trap at —95°C. A small 
amount of oily liquid was obtained that gave a positive peroxy test with titanic 
acid. 

In each of these oxidation reactions an intermediate compound with a 
trivalent carbon is formed, either by abstracting an atom such as H or Br 
from an organic compound or by adding on a halogen atom to a C=C double 
bond. The radical formed reacts with oxygen, producing a peroxide that 
gives rise to a chain reaction in which the halogen is re-formed and various 


_ oxidation products result. It is also typical that the sensitized oxidations 


take place only at a temperature below 150° C., owing to the ease of decom- 
position of the peroxide. The following equations summarize the over-all 
reactions of the radicals: 
COCI + O: —> CO: + ClO 
CCl; + O: —> COCI, + ClO 
CCl; + O. —> CCI;COCI + ClO 
C;:HCl, + O. —> CHCI,COCI + ClO 
CHCl, + O. —> CO+ HCl + ClO 


A general reaction mechanism can be written for the above oxidations. 


Cl. + hy — CI1+Cl (1) 
cl+ xX —® R+HCl (2) 
or Cl + X! —> ‘'R! 
R (or R'!) + O: —> P (3) 
P — > Products + ClO (4) 
clo + X — Products + Cl (5) 


X is a halogenated hydrocarbon (X! unsaturated), R (or R') is the radical 
formed, and P a peroxy compound. 


The Action of Bromine 


1. The Decomposition of Ozone 


The thermal decomposition of ozone is catalyzed by bromine, the oxide 
(Br;Og), being formed as an intermediate compound (35). Other oxides, 
Br.O and BrO:, are known and their formation may precede the formation 
of (Br;Os),. Using low concentrations of bromine and ozone and tem- 
peratures in the neighborhood of 0°C., a photoreaction can be measured, 
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the reaction being a chain reaction with a quantum yield of about 30 (9, 54, 
40). It is interesting to note that the quantum yields at 3650 and 5460A are 
the same, indicating that practically every bromine molecule absorbing a 
quantum at 5460A dissociates to atoms. 

The quantum yield is independent of bromine concentration over the 
range 1 to 7% bromine and for wave lengths of 5460 and 3650A. The rather 
low vapor pressure of bromine at 0° C. prevents the employment of any very 
high proportion of bromine when the total pressure is 1 atm. 


The quantum yield is also independent of ozone concentration up to 12% 
ozone by volume. Quantum yields could not be measured with ozone con- 
centrations much above 12% owing to the occurrence of a very rapid thermal 
reaction. With 20% ozone the situation is further complicated by the produc- 
tion of a solid oxide of bromine that settles out on the walls of the vessel. 
When the thermal reaction is suppressed by a trace of moisture, the tem- 
perature coefficient of the photoreaction can be measured and is 1.01. 


The relatively high quantum yield suggests that unstable bromine oxides 
may be formed in the course of the photoreaction. A white oxide, probably 
Br3Ox (51, 52, 53) is formed photochemically and can be isolated in streaming 
experiments at —40°C. using 6% ozone and 3 mm. bromine (40). Wave 
lengths of 5460, 3650, and 2537A are effective in producing the oxide. When 
the temperature is allowed to rise, the oxide decomposes with the formation 
of bromine and oxygen. 

It is of some interest that the quantum yield at 2537A is considerably less 
than that at 3650A, probably owing to the fact that at the shorter wave 
length ozone is the light absorbing component. 

A detailed discussion of the reaction must await a fuller knowledge of the 
properties of the various bromine oxides. However, the present work indi- 
cates that the reaction is very similar to the chlorine—ozone photoreaction in 
many respects. 

The following very tentative mechanism is suggested for the reaction at 
3650 and 5460A. 


Br. + hv —> 2Br (1) 

Br +O; —> BrO; (2) 
BrO3; “f O; — BrO;, a Z O, \ chain (3) 
BrO. + O; —> BrO; + O2 J : (4) 

2 BrO; —> Br.Os (wall) (5) 

Br.O, + BrO. —> Br;Os (6) 
Br;O; —> 14 Bre + 4 Oz (7) 


This mechanism would account for the high quantum yield and the production 
of oxides of bromine. 


2. The Decomposition of Chlorine Monoxide 


Chlorine monoxide undergoes a brom-sensitized decomposition using light 
of wave length 5460A (14). The reaction involves short chains, and some 
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chlorine dioxide is formed. The quantum yield is 4.3 at 19°C. and the 
ratio of the quantum yields in the direct and sensitized reactions is practically 
unity. This suggests that apart from the primary act of light absorption, 
the sensitized and unsensitized reactions have essentially similar mechanisms. 
In all probability, 5460A produces bromine atoms, either directly or indirectly 
and a possible mechanism is therefore: 


Bre + hv — > (Bre) —~> 2Br (1) 
Br + ClO — > BrCl + ClO (2) 
2BrCl = Bre + Cle (3) 
Quantum yields greater than 2 and the formation of ClO, might be due to 
clo + ClO — CI+Cl. + O2, (4) 

and 
ClO + ClO — ClO, + Cl (5) 


Chains could be terminated by 
cl+cCcl+M — Ch+M 
clo + ClO — Cl. + O, 
cl + clo + M — ClLO+M 
Cl + ClO, — Cl. + O, 
The relative importance of these reactions has not yet been determined. 
3. The Decomposition of Chlorine Dioxide 


Bromine also sensitizes the decomposition of chlorine dioxide (55). At 
15° C. the reaction is accompanied by a pressure decrease and the formation 
of dichlorine hexoxide. If insolation is continued, the pressure subsequently 
increases Owing to the photosensitized decomposition of dichlorine hexoxide 
(or CIO3). At 30° C. the reaction is accompanied by an increase in pressure 
and the formation of chlorine and oxygen. By introducing water into the 
reaction cell, troublesome side reactions can be eliminated and the effect of 
varying different factors studied. It is found that the quantum yields at 
3650 and 5460A are equal, indicating that the reaction at 54604 probably 
also proceeds by way of bromine atoms and not by way of an excited 
molecule. The quantum yields for the sensitized and unsensitized reactions 
are also equal, indicating that, apart from the primary act of light absorp- 
tion, the mechanisms for the two reactions are similar. In the direct reaction 
the mechanism probably is: 

ClO, + hy — ClO+0 
clo. +O0+M — ClO; + M 
followed by reactions of ClO and ClO;. 


For the sensitized reaction Schumacher (49) has suggested a mechanism 
involving bromine atoms. 
Bro + hv — 2Br 
Br + ClO. —> BrCl + O» 
2 BrCl = Brez + Cle 
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However, since the main product of the reaction is dichlorine hexoxide, this 
mechanism has to be rejected. Another possibility would be 
Bro + hv —> 2Br 
Br + ClO. —> BrO + ClO 

BrO + ClO, — > ClO; + Br 
which would give the same quantum yield and products as the direct photo- 
reaction. In view of the existence of other oxides of bromine, it does not seem 
to be particularly objectionable to postulate the existence of BrO. 


4. The Decomposition of ClO3 

The decomposition of ClO; is sensitized by bromine but thus far quantitative 
experiments are lacking (55). 
5. The Decomposition of Dibromotetrachloroethane 

The bromine sensitized decomposition of gaseous dibromotetrachloroethane 
has been studied (15). Using 4360A and a temperature of about 150° C. 
tetrachlorethylene is produced, the quantum yield varying from 1 to 40. 
The mechanism is essentially similar to that of the iodine sensitized decom- 
position of ethylene iodide in carbon tetrachloride solution. 

Bro + hy —> 2Br 
Br a C.Cl,Bre = C.Cl,Br a Bre 
C.Cl,Br = C.Clh, + Br 


wall 
Br 
le 


tol 


Dr —=- 
Sr: 


Br + Br + M — +M 


6. The Decomposition of Dibromodichloroethane 


a 


Bromine sensitizes the decomposition of dibromodichloroethane (38), the 
quantum yield being about 12. 


7. The Decomposition of Bromophosgene 

The decomposition of bromophosgene is accelerated by bromine plus light, 
but the quantum yield is small (9). ; 
8. The Decomposition of Nitrous Oxide 

Bromine also photosensitizes the decomposition of nitrous oxide at 650° C. 


29). 

(29) Bre + Avy — Br+ Br 
NO + Br —> BrO+N, 3 
NO + BrO —> Br+02+Nz2. ; 
9. Oxidations ; 
Bromine sensitizes the oxidation of trichlorobromomethane to phosgene (22), 
but in contrast to the corresponding chlorine reaction, bromine does not sensi- 
tize the oxidation of carbon monoxide (36). Bromine also photosensitizes 
the oxidation of chloral (56). A number of the other oxidations sensitized 


by bromine have been carried out in carbon tetrachloride solution but will 
not be dealt with here (18, 34). 
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The Action of Iodine 


While iodine sensitizes many reactions, very few of these have been investi- 


gated in the gas phase. The only one that will be mentioned is the decom- 


position of nitrous oxide, which is accelerated by light in the presence of 
iodine (29). 


From the above survey, it is clear that all the halogen photosensitized 


gaseous reactions thus far known can be explained by chemical mechanisms 
involving halogen atoms. 
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THE THERMAL DECOMPOSITION OF COMPLEX MOLECULES! 


By C. C. CoFFIN 


Abstract 


Methylene diacetate, paraldehyde, and their homologues decompose in the 
gaseous state by a unimolecular mechanism at temperatures low enough to 
ensure the absence of free radical complications. The effect of molecular 
structure on the activation energies, frequency factors, etc., of these and other 
decompositions is discussed. 


For a molecule to take part in a chemical reaction, its own stability must 
be broken into to such a degree by the acquisition of energy that the new 
atomic pattern, the reaction products, can form. This activation energy 
may be acquired in a variety of ways. A quantum of light may be absorbed 
and a photochemical change result; one or more of the violent small-scale 
events attending the passage of an ionizing particle may initiate a chain of 
elementary reactions; at high enough temperature the ordinary Maxwell— 


‘Boltzmann distribution of energy by collision may supply a sufficient number 


of ‘hot’ molecules for a chemical change to occur at a measurable rate. It is 
with molecular dissociations resulting from activation by collision that the 
present paper is concerned. 


It is important to realize what points of contact between theory and experi- 
ment have been established in this branch of chemical kinetics. An ordinary 
reaction is likely to be a complicated series of events difficult to interpret in 
detail. Several intermediate states of transient existence may intervene 
between reactants and products without betraying their presence to the 
analyst. Rate measurement at different pressures may establish the over-all 
reaction to be definitely first or second order without indicating whether the 
step being measured is unimolecular or bimolecular. Attempts to construct a 
detailed theory encounter similar difficulties when the model attains any 
degree of complexity. For example, little is yet known about such questions 
as the exchange of energy between the various parts of a molecule, the effect 
of neighboring bonds on each other’s stability or the probability that a given 
bond will break when it accumulates a certain excess of energy. The most 
complex model that theory can handle in any detail is thus much more simple 
than any molecule experimentally available and in general it is not to be 
expected that theory and experiment will coincide at points other than the 
main features common to reactions of a definite type. In such a situation it is 
desirable to use the simplest possible molecules and reactions in experiments 
designed to test the theory and to look for points and trends that may aid in 
its development. 


1 Manuscript received June 30, 1948. 
Contribution from the Department of Chemistry, Dalhousie University, Halifax, N.S. 
Presented at the Symposium on Chemical Kinetics before the Royal Society of Canada in Van- 
couver, B.C. on June 15, 1948. 
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In the case of unimolecular decompositions simplification of molecular 
structure is limited by the fact that the mechanism tends to change from 
unimolecular to bimolecular as the molecule becomes less complex. It is 
important therefore to work with reactions that are simple in the sense that 
they are clean-cut, definitely localized within the molecule and involve as few 


SHEED PINE As FOR 





bonds as possible. A reaction suitable for study should proceed at a measur- ; 
able rate at temperatures low enough to avoid complications due to free radical 5 
formation. It must take place homogeneously in the gaseous state and be 4 


first order in the high pressure range. The decrease in reaction velocity that 
occurs when activation begins to be the rate-determining process should take 
place at not too low a pressure so that the number of internal degrees of 
freedom contributing to the activation energy may be determined. If the 
over-all reaction remains essentially the same throughout a homologous series & 
an idea of the effects of molecular complexity may be obtained by progressively j 
changing the structures surrounding the weak point of the molecule. 5 


ECS eg 


Reactions fulfilling all these qualifications are difficult to find. The object 
of the present paper is to describe some of the results obtained in the case of 
two reactions (1) which meet most of the requirements just outlined, and 
represents an attempt to indicate in a general way how matters stand at 
present with regard to bridging the gap between the complexity that is forced 
upon the experimenter and the simplicity that is forced upon the theorist. 

These reactions are the decompositions of esters and paraldehydes having 
the general formulae 


ra) R 
be be? | 
\ bs al , CH y < 
mm 4x : 
Pa 4 0 / 4 $ 
R—HC_,” and R—HC—-~—0+—CH—R 
i ; 
4 Oo ' 
*y ; 
7" 
4 


which split as indicated by the dotted lines. The reactions are homogeneous 

and first order in the gaseous state between 200 and 300° C.—temperatures / 
well below that of free radical formation. In the case of the esters the over- ss 
all change is one C—O to one C=O; in the paraldehydes three C—O change 4 
to three C=O. The primary steps are unfortunately not quite so simple 
since in each case two bonds are broken and one is changed from a single to 
a double. 

A more satisfactory reaction in this respect is the decomposition of the 
alkyl nitrites of which five members have been studied by Steacie and 
coworkers (2). At present these three reactions are practically the only ones & 
that remain sufficiently unchanged from compound to compound to serve as 
a basis for comparing the effect of chemical structures on reaction rates. 
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The starting point for any discussion of chemical kinetics is the equation 
k = A e-E/RT 


where k is the specific reaction rate, A is a constant having the dimensions of 
frequency, and E£ is the activation energy. It turns out that E remains 
unchanged throughout each series of compounds (esters, 33,000; paraldehydes, 
44,000; and alkyl nitrites, 37,000 cal. per mole). The reaction rates of the 
different members of a series are thus represented by the numerical values of 
the temperature independent factor of the rate equation. The same general 
type of behavior is shown by all three series and it will be sufficient to discuss 
only the esters. 


In the formula 


1 
C—R’ 

O 

R—HC 
* 
oO 
‘%, 

'* 
O 


the nature of R’ appears to be without influence on either A or E. Thus at 
any temperature the diacetates, dipropionates, dibutyrates, and dicrotonates 
all react at the same rate. The effect of varying the constitution of the 
radical R on the other hand is very marked as shown in Table I. 











TABLE I 
R 4 
H— Oe Se |g 
CH;— 21 XX 10° 
CCi,— 13 xX 10° 
CH;CH:CH:— 30 X 10° 
CH;CH2CH2CH.CH.CH.— 30 XX 10° 


Crotonylidene 
Benzylidene 130 X 10° 
o-Cl-benzylidene 
Furfurylidene 








The paraldehydes and alkyl nitrites behave in much the same way; in the 
latter for example the rate approximately doubles for each added CH: group; 
in the paraldehydes the effect is not quite so large. 

The physical significance of the temperature independent factor is rather 
obscure in the case of unimolecular reactions and existing theories are not 
capable of dealing with variations in A of the order of magnitude encountered 
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here. It must be admitted also that these data have not been of much direct 
assistance to the theory—the model is still too complex to be much clarified 
by scattered results of this kind. The situation at present thus seems to be 
that, while the broad general picture of the unimolecular mechanism is reason- 
ably clear, its application to specific cases calls for a much clearer understand- 
ing than we have at present of the ebb and flow of energy throughout complex 
molecular structures. 
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THE EFFECTS OF HIGH ENERGY RADIATIONS ON 
WATER AND AQUEOUS SYSTEMS! 


By F. H. KRENz 


Abstract 


Radiation chemistry is a study of the chemical effects produced by the high 
energy particles and quanta usually associated with nuclear mutations. When 
water absorbs this kind of radiation, it is decomposed into hydrogen and hydrogen 
peroxide. The primary act of absorption is thought to result in the production 
of hydrogen atoms and hydroxyl radicals which then react to give the decom- 
position products. In dilute aqueous solutions the effects of radiation can 
generally be explained from a consideration of the probable effects of hydrogen 
atoms and hydroxy] radicals on the solute. This is true when the solute consists 
of biologically active material. Since biological systems consist largely of water, 
the ‘indirect effect” that radiation has upon them through the medium of atoms 
and radicals produced in the water is very important. In this laboratory an 
attempt is being made to gain information about the “‘indirect effect” by investi- 
gating the properties of irradiated water. Evidence has been obtained for the 
production of long lived activity in irradiated water which may be attributed to 
vibrationally excited ‘‘polymers” of water. The extraordinary efficiency of the 
“indirect effect’’ of radiation is possibly related to properties of these excited 
polymers. 


I. General Introduction 


The chemical changes which occur in systems absorbing high energy 
radiations have been the subject for numerous investigations dating back to 
the turn of the last century. With the discovery of radioactivity came the 
realization that the a-particles, 8-particles and y-rays accompanying radio- 
active decay could bring about chemical changes in compounds absorbing 
them. Similar effects were obtained later with radiations which could be 
artificially produced, such as X-rays and beams of fast electrons, protons, 
and deuterons. All of these radations are characterized by the fact that the 
particles and quanta have hundreds of times the energy required to break 
single chemical bonds in the absorbing system. Yet not only are the effects: 
of all types of radiation on a given compound chemically the same, but they 
are strikingly similar to effects which would be predicted from thermal and 
kinetic considerations (11, 18, 27, 31, 33, 34). 

The case of water is particularly interesting since radiation chemical 
investigations of this substance are almost as old as the science of radioactivity 
itself. According to Duane and Scheuer (10) it was Giesel (20) who first 
observed in 1902 that a solution of a radium preparation evolved gas at a 
steady rate. The discovery shortly afterward that the gas was a mixture of 
hydrogen and oxygen and was a direct consequence of the absorption of 
radium radiations by water (20, 30) led Ramsay to propose that the action of 
these rays was analogous to an electrolytic decomposition of water. Based 
on this idea was Ramsay’s attempt to deposit copper from a solution of copper 


1 Manuscript received June 30, 1948. 
Contribution from the Chalk River Laboratory, Division of Atomic Energy, National 
Research Council of Canada. Issued as N.R.C. No. 1801. Presented at the Symposium on 
Chemical Kinetics before the Royal Society of Canada in Vancouver, B.C. on June 15, 1948. 
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sulphate with the a-particles of radon (6). The experiment failed (for reasons 
which will become apparent later) but it is evidence for the impression gained 
as early as 1907 that radiation chemical processes were similar to processes 
involving much lower energies. 

The high energy radiations are characterized by their ability to ionize the 
absorbing medium, a fact which greatly influenced the thinking of the early 
radiation chemists (27). The number and spatial distribution of the ions 
formed are convenient indications of the amount of energy released in a given 
substance and the density of energy release, since saturation ion currents 
may be measured in an ion chamber and ion tracks may be observed in the 
Wilson cloud chamber. 


The ion densities produced by different radiations bear a very fundamental 
relation to the amounts of chemical change brought about by them (1, 8, 21). 
It has been found, for instance, that a-particles (29) and deuterons (1) decom- 
pose the purest water with good yields, while fast electrons give a barely 
detectable amount of decomposition (19), and with X-rays no decomposition 
is detected at all (14, 24). This has been interpreted to mean that the ability 
of water to resist radiation chemical changes is somehow overcome when 
radiant energy is released in dense, localized amounts. Fig. 1 shows both 
electron and a-particle tracks in the cloud chamber. 


The mechanism of absorption of heavy particles and electrons in any 
material involves the interaction of these particles with the electronic systems 
of atoms. y-Rays and X-rays are equivalent to electrons since the energy 
they give up to the absorbing medium comes almost entirely from the photo- 
electrons and recoil electrons ejected during the rather specialized processes 
of photon absorption. Moreover, the dense columnar ionization distinguish- 
ing the heavy particles from electrons appears to be merely a function of the 
relative speeds of heavy particles and electrons of equal energy (22). We 
may therefore confine our remarks to the effects of X-rays and y-rays with 
the understanding that our conclusions can apply to heavy particles if we 
take their high specific ionization into account. 


X-rays and y-rays can be considered the high energy counterparts of the 
electromagnetic radiation familiar to photo-chemists and _ spectroscopists. 
Fig. 2 is a schematic representation of the energy spectrum of electromagnetic 
radiation from the region of ultra-high-frequency radio waves to the region 
where y-rays become energetic enough to bring about changes of state in the 
atomic nucleus. The shaded bands represent the most probable types of 
primary absorption for radiation of a given energy. Translation, rotation 
and vibration are, of course, molecular processes, while electronic excitation 
and ionization are atomic. 

Fig. 2 shows how the energy absorbed from X- or y-rays must be degraded 
stepwise into lower and lower forms of excitation until it finally appears as 
translational energy of the molecules and is dissipated in heating up the 
absorbing system. Any chemical changes that occur must occur at the 
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Fic. 1. Electron and alpha particle tracks in the cloud chamber. The dense, straight tracks 
at the bottom of the photograph are typical of heavy particle ionization. The sparsely ionized 
and frequently erratic tracks seen at the top of the picture are those of electrons. (Courtesy of 


Dr. B. W. Sargent. ) 
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vibrational level since this is the only level involving the excitation of chemical 
bonds. The analogy between radiation- and photo-chemistry is at once 
apparent. All types of excitation above the vibrational level are atomic and 
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Fic. 2. Primary absorption bands for electromagnetic radiation from the U. H. F. region 
to the region where gamma rays are sufficiently energetic to produce nuclear transitions. 


cannot involve chemical changes. Only the energy that can be converted 
to energy of vibration of the molecules can be chemically effective. Fig. 2 
shows that the region in which this conversion can occur is restricted to 
energies from about 10 to 200 kcal. per mole. The amount of energy that 
can be converted is therefore limited; not much greater, in fact, than the 
energies required to break single chemical bonds. Higher forms of atomic 
excitation must be degraded within the atom itself. It is not correct to 
suppose that all this energy is dissipated unproductively, since the radiation 
accompanying atomic transitions can be reabsorbed in the surrounding 
medium. It is apparent, however, that regardless of the amount of energy 
involved in the primary absorption act, the energy available for chemical 
reactions is not much larger than that required by the reactions. The fate 
of a molecule absorbing high energy radiation is therefore decided on relatively 
simple grounds. 
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An interesting experiment has recently been performed by Breger (4) that 
indicates that the more complex the molecule, the more specific the effect of 
radiation upon it. This was shown with a homologous series of fatty acids 
subjected to a@-particle bombardment. Breger’s results are tabulated in 
Table I. They indicate that, as the molecular complexity of the acids 


TABLE I 


GASEOUS PRODUCTS FROM THE BOMBARDMENT OF FATTY ACIDS WITH Q-PARTICLES 


I. A. Breger. J. Phys. Colloid Chem. 52 :551. 1948. 








Volume per cent 














Constituents acme SN — —S 
Acetic | Caprylic Lauric | Palmitic 
| | 
H2 18 | 33 42 48 
CO, 37 | 51 41 34 
co | 22 10 11 6 
H.0 — 3 4 10 
CH, | 20 | 0.7 0.6 0.4 
C:H¢ 3.7 1.0 0.5 | 0.6 
C3Hs - | 0.4 0.1 0.1 
CrHio - 0.7 0.2 0.8 





The products from H.O down were analyzed mass-spectroscopically. 


increased, the radiation chemical effect became predominantly one of decar- 
boxylation. This result has been explained by Burton (5) in terms of the 
probability of bond-breaking in the complex molecules. It is easy to show 
that when a given amount of energy is distributed among a large number of 
chemical bonds the probability that a significant proportion of it will appear 
in any particular bond becomes small. If a certain bond is weaker than the 
rest, it will stand an exceptionally good chance of being broken regardless of 
where the primary absorption of energy occurs.* 


II. Effects in Water 


The decrease in Breger’s yields of carbon dioxide beyond a certain degree of 
molecular complexity leads us to an extension of Burton’s reasoning. Beyond 
some degree of molecular complexity the probability of bond-breaking should 
become vanishingly small. Under these circumstances the degradation of 
absorbed energy would not be interrupted by a chemical change, but would 
continue through successively lower types of excitation to appear finally as 
thermal energy in the absorbing system. We consider some experimental 
results obtained recently at Chalk River evidence of this phenomenon. 

The effect appeared as a thermal lag in the response of a large water 
thermometer to y-radiation from a 1 curie radium source. Fig. 3 is a drawing 
of the thermometer or dilatometer, as it is called. The 1 liter bulb was 


* Breger’s results are not quite as general as might be desired, since a-particles give a dense 
g ’ é 
local release of energy. 
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completely filled with vacuum distilled water and supported in a large cylin- 
drical bath fed from a small circulating constant temperature bath. This 
arrangement gave a temperature constant to + 0.002°C. over a period of 
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DILATOMETER 
Fic. 3. Dilatometer for measuring the expansion of water subject to gamma radiation. 


one or two hours required for the measurements. The water was irradiated 
by lowering the radium contained in an aluminum capsule into the well of 
the dilatometer from a lead ‘castle’ mounted over the bath. The dilatometer 
and bath were enclosed in a cubicle of interlocking lead bricks. This is shown 
in Fig. 4. 

Fig. 5 shows a typical expansion curve obtained with vacuum distilled 
water at 25° C. on irradiation with the radium source. On the vertical axis 
is plotted the height of the water meniscus in the capillary read witha 
cathetometer at a safe distance from the cubicle. On the horizontal axis is 
plotted the time. When the source is lowered into the dilatometer, the volume 
increases almost linearly with time owing to the dissipation of radiant energy 
in the water. Unfortunately this rise corresponds not only to energy absorbed 
from the y-rays, but also to energy dissipated as heat in the walls of the 
capsule and dilatometer. The flat portion of the curve represents a condition 
of steady state with respect to the absorption of energy from the source and 
loss of heat to the bath. When the source is removed, the water does not 
contract immediately but shows a lag of about 60 sec. A better example is 
shown in Fig. 6,a. There was no measurable lag in the response of the water 
to purely thermal changes. 





652 


demonstrated by replacing water with benzene. 


benzene there is no lag. The lag is therefore a property of water. Fig. 6, c, 
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That the lag was not due to some property of the measuring device was 









































Fig. 6, 6, shows that with 

































































benzene containing 1% of polystyrene. 


shows that the lag can be simulated in benzene by adding about 1% of 
polystyrene (very like a high polymer of benzene). Apparently water behaves 
in this respect like a solution of polymerized water molecules. 
A picture more in keeping with modern ideas (3, 12) would be that in liquid 
water at room temperature a large proportion of the molecules are oriented in 
quasi-crystalline structures with weak intermolecular forces holding the 
structure together.* 


* The use of ‘molecule’ in the case of water is therefore somewhat ambiguous. 
in the sense of a molecule of water vapor. 


It has long been known that pure water will resist decom- 


We use it here 








Fic. 4. Cubicle of interlocking lead bricks shielding the observer from the dilatometer and 
radium capsule. 
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position by X-radiation indefinitely (14, 24). According to the above picture 
we may say that this is due to the ability of the water structures to dissipate 
radiant energy among their intermolecular low energy vibrational states 
without breaking O-H bonds. Because the states are so numerous, we find 
that this process requires a measurable time. This idea is borne out by the 
experimental fact that steam (in which the short range structure has com- 
pletely disappeared) is readily decomposed by X-rays (23). 

The ability of a-particles and deuterons to decompose pure water can be 
attributed to their extremely dense release of energy. We may say that the 
capacity of water structures for dissipating energy unproductively must have 
a limit, and that this limit is exceeded in the case of heavy particle absorption 
where the localized release of energy reaches enormous intensities (8). The 
discovery by Ghormley (19) that even fast electrons will produce a small 
amount of decomposition has led Allen (1) to the conclusion that some decom- 
position does occur at the end of electron tracks where the intensity of ioniza- 
tion approximates that of heavy particles. 


III. Effects in Aqueous Solutions 


The presence of dissolved material drastically alters the resistance of water 
to decomposition by X- and y-rays. Reducing solutes are oxidized and 
hydrogen is evolved from the system. Okxidizing solutes are reduced and 
oxygen is evolved (see (16) for extensive references). To explain this it has 
been proposed that the primary chemical act of radiation in water is to produce 
H atoms and OH radicals from excited and ionized water molecules (33, 34) 
the over-all process being: 





no Tet. 2 + on (1) 
A reducing solute would then be attacked by the OH radicals; 
Fet+ + OH — > Fet++ + OH- (2) 
and an oxidizing solute would be reduced by H atoms; 
Cet+++ + H —> Cet++ + Ht. (3) 


The atoms and radicals not used would account for the observed gaseous 
products as well as hydrogen peroxide, which is also detected (1, 8, 21, 29). 


OH + OH — H.O, —> HO + 3 Op (5) 


In pure water, Reactions (4) and (5) would have to compete with the 
recombination reaction 


H + OH — HO, (6) 


which is considered to be particularly effective during the X- or y-irradiation 
of water (1, 8, 33, 34). 

The reaction of solutes with the active constituents of irradiated water is 
the basis for the so-called “‘indirect action’’ of X-rays on biological materials 
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in aqueous solution recently discovered by the radiologists (26). Dale has 
shown, for instance, that certain enzymes are inactivated by X-rays far more 
effectively when they are in dilute aqueous solution than when they are in 
concentrated solutions (7,9). That is, the inactivation by atoms and radicals 
is more effective than the direct inactivation by X-rays. The efficiency of 
the indirect action is often remarkable and in some cases extends undiminished 
down to 10-° m.p.1. of solute. The mechanism of this effect is illustrated by 
kinetic studies on dilute ferrous sulphate solutions (13, 15, 17, 25, 28, 32). 
Ferrous ions in acid solutions are oxidized smoothly by X- and y-rays to 
ferric ions, with the production, according to Fricke (13), of an equivalent 
amount of hydrogen gas. Fig. 7 shows some results obtained with y-rays at 
Chalk River with this system (25). The amount of ferrous ion oxidized is 
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Fic. 7. The rate of oxidation of ferrous sulphate in 0.8 N sulphuric acid by gamma rays 
in aerated solutions. 


plotted as a function of the total dose in roentgens.* The linear dependence 
of per cent ferrous oxidized on total dose implies that the yield of y-ray 
oxidation—expressed, say, in terms of micromoles of ferrous ion oxidized per 
1000 roentgens of y-ray energy—is independent of the ferrous ion concentra- 
tion over a wide range of concentrations. This can be substantiated by 
measuring the y-ray yields for a number of solutions with a range of initial 
ferrous ion concentrations. Fig. 8 shows the result of such an experiment. 
The radiation yield is apparently independent of ferrous ion concentration 
down to about 5 X 10-* mole per liter. That is, the efficiency of the indirect 
action of y-rays on ferrous ions in water extends unimpaired down to this 
concentration. Since at this concentration there are roughly 10° water 
molecules for every ferrous ion, the ions must have a powerful, long range 
effect on the water to so alter its properties. 





* The roentgen is the international unit of X- and y-ray energy. It is equivalent to approxi- 
mately 83 ergs. 

























KRENZ: EFFECTS OF HIGH ENERGY RADIATIONS ON WATER 655 


To throw some light on this situation the ferrous sulphate system was 
studied in the dilatometer. The results of some preliminary experiments are 
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Fic. 8. The dependence of oxidation rate on initial ferrous ion concentration. 


shown in Fig. 9, from which it is evident that although sulphuric acid had no 
influence on the lag effect in irradiated water, the presence of as little as 10-* 
mole per liter of ferrous ion quenched this effect altogether. Some further 
experiments indicated that the lag reappeared at ferrous ion concentrations 
in the order of 10-5 mole per liter, but this has yet to be substantiated. 
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Fic. 9. The lag effect in (a) aerated water, (b) 0.8 N sulphuric acid, and (c) 0.8 N 
sulphuric acid containing 10-* mole per liter of ferrous ammonium sulphate. 


Apparently the ferrous ions even at concentrations as low as 10~* mole 
per liter can affect the structure of water in such a way that the energy 
dissipated unproductively in pure water is used (presumably) to oxidize 
ferrous ions in aqueous solution. The reaction at the site of the ion possibly 
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involves an OH radical, although the energy required to form such a radical 
from water (115 kcal. per mole) is certainly much greater than that required 


by the reaction: Fet+ —> Fet+t+ + e (7) 


It is more in keeping with the above picture to suggest that the positions 
occupied by ferrous ions in the water “‘lattice’’ represent sites where the energy 
absorbed by the structure as a whole may be dissipated in Reaction (7). 
This would give a new aspect to the indirect effect of X- and y-radiation and 
at the same time explain its extraordinary efficiency. At concentrations 
greater than ca. 5 X 10-5 mole per liter there are enough ions to accommodate 
all the energy absorbed in this way. Below this concentration, energy is 
dissipated in some other way, not involving the oxidation of ferrous ions. 

Most of the picture has yet to be filled in. For the present we may say 
that the structure of water and aqueous solutions must play an important 
part in the radiation chemistry of these systems. 
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THE MECHANISM OF SODIUM-INITIATED POLYMERIZATION 
OF DIOLEFINS' 


By R. E. RoBERTSON AND LEO MARION 


Abstract 


An analysis of the products of sodium-catalyzed polymerization of butadiene 
and isoprene in the presence of toluene suggests that initiation of polymerization 
takes place by the formation of a disodium addend rather than a free radical. 
The diaddend reacts with toluene to yield butene-2 and sodium benzyl. Since 
all of the low molecular weight polymers analyzed were shown to conform to the 
general formula CsH;CH2(monomer),H, sodium benzyl is considered to be the 
chief chain initiator. Chain termination took place by reaction with toluene to 
regenerate the chain carrier, sodium benzyl. The nature of the acids separated 
on carbonation of a polymerizing system supports this conclusion. 


Introduction 


The fact that sodium can initiate the polymerization of butadiene was 
discovered simultaneously in 1911 by Matthews in England (9) and by 
Harries in Germany (7, 8). Apparently no mechanism was suggested until 
1928 when Schlenk and Bergmann (12) proposed that polymerization occurred 
by a free radical mechanism, the initial step being the adsorption of a butadiene 
molecule and activation to yield a radical NaCH.—CH==CH—CH, which 
could add another molecule of butadiene. They considered their proposed 
mechanism of the sodium-induced polymerization as analogous to the dimer- 
ization of asymmetrical diphenylethylene, which according to their inter- 
pretation involved the intermediate formation of free radicals: 

CeHs. CoH; CeHs CeHs 


* a ‘ 
2 CCH: + 2 Na —~> 2 C—CH,. —> ‘Sane: © 
/ y 
Z 7 
CeHs CeHs_ | CsHs | | CcHs 
Na Na Na 
However, Ziegler and his associates (17) disagreed with this view, and took 
exception to the mechanism proposed for the supporting analogy. They first 
proved that, in the dimerization of asymmetrical diphenylethylene, the initial 
step is the formation of a disodium addend that subsequently combines with 
a second molecule of the olefin, thus 


CsH;s C.H; C.Hs C.Hs 
y, \ / 
C—CH:2 + CH:=C_ —>- ‘C—CH:CH:C 
| *. m. n | |S 
CeHs Na CeHs C.H CeHs 
Na Na Na 


This mechanism has found additional support in more recent work (9, 14). 


Ziegler and his associates (15, 16) then demonstrated that butadiene could 
be polymerized by typical alkali metal addition compounds such as potassium 


1 Manuscript received April 7, 1948. 


Contribution from the Division of Chemistry, National Research Laboratories, Ottawa, 
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isopropylbenzene or sodium benzyl and further showed, by the character- 
ization of some of the products, that the butadiene added in a stepwise fashion 
to give polymeric molecules of the form, 


R—(CH.—CH=CH—CH:),M 


where R is CHsCsHs or (CH3)2CCeHs and M the corresponding alkali metal. 
By using lithium as the alkali metal and substituting piperylene for butadiene 
it was possible to accelerate the initiation, slow down the rate of chain growth, 
and to demonstrate the formation of molecules corresponding to 

CHs 


VA 
Li—(CH—HC=CH—CH2)aLi 


where n = 1, 2, 3, 4, 5,6. The isolation of corresponding compounds in the 
case of butadiene and sodium was impossible because of the inherent reactivity 
of such compounds, but indirect evidence for the initial formation of the 
disodium addends in this case was obtained (15, 16). 

Kinetic studies of the polymerization of butadiene in the presence of sodium 
have not proved conducive to more definite results. Such a study was made 
by Medvedev and Abkin (1, 2), who concluded, in agreement with Ziegler, 
that sodio-organo compounds, rather than free radicals, are involved. Bolland 
on the other hand, disagreed with this conclusion. In his investigation of the 
kinetics of the sodium ‘‘catalyzed” polymerization of isoprene (4), he could 
find no trace of sodium in the polymer, in contrast with the findings of Abkin 
and Medvedev. The rate of initiation was shown to be of zero order with 
respect to isoprene. Furthermore, diffusion to the sodium surface was found 
to be an important factor in determining the over-all rate, suggesting possible 
activation at the surface. Finally, liquid phase kinetic studies in the presence 
of toluene showed that chain termination occurs exclusively by interaction 
between the growing chain and toluene. These results suggest that whatever 
the mechanism, sodium is not irreversibly attached to the polymer chain, and 
the reaction was interpreted as proceeding through a free radical mechanism. 


“a 


This evidence in support of the previously discredited free radical mechan- 
ism of Schlenk and Bergmann prompted a re-examination of the sodium- 
catalyzed polymerization of butadiene and isoprene, particularly of the 
reaction carried out in the presence of toluene. 


: Procedures 
Butadiene 


Butadiene sulphone, obtained from Polymer Corporation, Sarnia, was 
recrystallized repeatedly from ethanol, the hot ethanol solution being decolor- 
ized by filtration through charcoal. The sulphone thus purified melted at 
65.0° to 65.5° C.* Butadiene was regenerated by heating the sulphone to 
135° C. and passing the evolved gases through, first, a train of three 20% 


* All melting points are corrected. 
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sodium hydroxide washing towers, second, a tube packed with sodium hy- 
droxide pellets, then a drying tower of calcium chloride, and, finally, a bed of 
phosphorus pentoxide (50 X 1.5 cm.). It was stored under vacuum in a 
liquid air trap until ready for use. Mass-spectrographic analysis revealed no 
traces of impurities in butadiene thus purified.* 


Isoprene 

Isoprene was purified through the sulphone according to the method of 
Frank and coworkers (6). Pyrogallol was found to be more effective than 
hydroquinone in preventing polymerization during conversion to the sulphone. 
The regenerated isoprene (b.p. 34.0° C. (762 mm.); np 1.4221) was kept in 
contact with sodium wire, and distilled over sodium just before use. 


Toluene 

Analar toluene was refluxed for 12 hr. over sodium, and distilled through a 
Widmer fractionating column. In the high vacuum experiments the toluene 
was stored in sodium-coated bulbs attached to the manifold. In other 
experiments, the toluene was distilled over sodium directly into the reaction 
vessel. 


Nitrogen 

Nitrogen was purified by passing successively over copper wool kept moist 
with ammonium hydroxide—ammonium chloride solution, through a liquid 
air trap, a sulphuric acid bubbler, a tower of sodium hydroxide pellets, a tube 
of copper turnings at 500° to 600° C., and finally through a drying train. Ina 
few runs a final bubbler containing an ether solution of sodium triphenyl- 
methyl was used but this was found to be unnecessary. 


High-Vacuum Experiments 

Initial experiments of an orientational character were carried out essentially 
by the procedures described by Abkin and Medvedev (2) for butadiene and 
by Bolland (4) for isoprene. The results, which were in qualitative agreement 
with those reported by these authors, did not contribute to the conclusions 
drawn hereafter and hence no further detail will be given. 


Polymerization under Nitrogen 

The aim in these experiments was to favor the initiation and termination of 
polymer chains by the use of a large surface area of sodium and a large excess 
of toluene. The apparatus (Fig. 1) consisted of a 500 cc. flat-bottomed flask 
connected to an upright condenser by a ground glass joint. Just above this joint 
a side tube led through a short downward condenser to a 1-liter toluene storage 
flask which could be cut off from the system by a grease-free valve. Prior to 
the initiation of the reaction the toluene was stored in an ampoule attached 
to the reactor through a ground glass joint. All joints exposed to toluene 
vapor were sealed with cellulose acetate. The ampoule bore a tapered joint 
at one end and a thin neck at the other, with a small wad of glass wool so 


* These analyses were made with the mass spectrograph through the courtesy of the Polymer 
Corporation. 
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fixed that the neck would not be filled with sodium. After the ampoule had 
been filled im vacuo with freshly distilled sodium, the slender glass tip was 
broken under toluene so as to fill the ampoule partially and the tip was then 








=X TO BUTADIENE 





To No 
TO VACUUM 
Na AMPOULE 
TOLUENE 
RESERVOIR 
MAGNETIC 
STIRRER 


Fic. 1. 


sealed off with a sharp flame. Introduction of the sodium into the reaction 
vessel under the action of heat from a soft flame is assisted by the toluene in 
the ampoule. 


To carry out the reaction the system was alternately evacuated and flushed 
with nitrogen several times. An excess pressure of nitrogen was then main- 
tained by letting the gas bubble out through a mercury trap. The toluene in 
the storage flask was refluxed over sodium for one to two hours, the cutoff 
valve being kept open to accommodate pressure fluctuations. The downward 
condenser was then drained and the toluene allowed to condense into the 
reaction flask. The toluene reservoir was then cut off and the sodium expelled 
from the ampoule and dispersed with a magnetic stirrer, after heating the 
toluene in the reaction flask to 100° to 105°C. The temperature of the 
reaction was maintained by means of an oil bath controlled to 0.5°C. 
Butadiene was then introduced into the system at constant pressure—usually 
770 mm., to guard against the introduction of traces of air. The rate of uptake 
of butadiene was followed with a differential oil manometer and a gas burette. 





The reaction was terminated by passing a stream of carbon dioxide into the 
mixture. 


Isolation of Acids 


After completion of the polymerization, sodio-organo compounds were 


converted to acids either by passing carbon dioxide into the reaction mixture or 
pouring the mixture on to dry ice (11). Excess sodium was destroyed by the 
cautious addition of water. The sodium salts of the acids were separated by 
repeated extraction with 5% sodium carbonate solution. The aqueous 
extract was washed repeatedly with ether to remove entrained neutral mate- 
rial, acidified with hydrochloric acid, and exhaustively extracted with ether. 
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This last ether solution was evaporated and, to avoid gelling, the residual 
acids were immediately hydrogenated under 1 atm. pressure of hydrogen at 
room temperature over a palladium — barium sulphate catalyst. The hydro- 
genated acids were separated by repeated fractional distillation in vacuo. 


Isolation of the Polymer 


After completion of the reaction the sodium was destroyed by the careful 
addition of water. The separated toluene solution was evaporated off in vacuo 
and the residual polymer hydrogenated over Raney nickel catalyst at 400 to 
500 Ib. per sq. in. and 90° to 100°C. In spite of repeated renewals of the 
catalyst, a bromine absorption test always revealed some residual unsaturation 
in the product. Fractionation of the hydrogenated polymer with the aid 
of a modified Craig column and in distillation bulbs showed that this persistent 
unsaturation was present in the complicated high-molecular weight residue. 
The molecular weights of the various hydrocarbons were determined according 
to the micro-Rast procedure recommended by Smith and Young (13). With 
polymerized isoprene it was possible to fractionate the polymer without 
hydrogenation, and subsequent quantitative hydrogenation of the individual 
fractions obtained served to check the equivalent weights. 


Experimental Results 


The inherent complexity of the polymerization of butadiene and isoprene 
initiated by sodium became apparent after an attempt to repeat part of the 
work of Abkin and Medvedev (2) and of Bolland (4). Further, since the 
similar kinetic results of these authors admitted two opposing interpretations, 
it was concluded that the nature of the reaction would more probably be 
learned from a study of the products of the reaction, preferably in the presence 
of toluene. This solvent was chosen both because Bolland’s conclusions were 
based partly on data obtained in its presence, and because the product was a 
soluble polymer. 


Polymerization of Butadiene 


Polymerization of butadiene in the presence of toluene and sodium (high- 
vacuum technique) was invariably accompanied by the formation of colored 
compounds. The color varied from brown to reddish black and the quantity 
of these colored compounds was observed to increase during the course of a 
reaction. Unfortunately, the total amount of acid that could be isolated 
from such a run was not great enough for identification. For this reason 
several runs were carried out on a larger scale using a magnetic stirrer to obtain 
a very much greater sodium surface and presumably the initiation of a propor- 
tionately larger number of growing chains, and of the accompanying colored 
compounds. At the end of a run, carbon dioxide was introduced into the 
system. The color disappeared almost immediately, and the pressure of 
butadiene remained constant, indicating that polymerization had been inter- 
rupted. After carbonation, the acids formed were isolated as already 
described, hydrogenated, and separated by fractional distillation followed by 
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repeated fractional crystallization. The colored compounds (presumably 
sodium addition compounds) were identified from the corresponding acids. 
Neutral equivalents and analyses for the acids of lower molecular weight 
are recorded in Table I. These acids were derived from the polymerization 
of butadiene (20 gm.) in toluene (250 cc.) in the presence of finely divided 
sodium at 25° C. and a constant pressure of ca. 770 mm. The amount of acid 
recovered was always less than 1% of the polymer. 


TABLE I 


CHARACTERIZATION OF ACIDS DERIVED FROM THE POLYMERIZATION OF BUTADIENE IN TOLUENE 
OVER SODIUM 

















Neutral equivalent Analyses 
Found Calculated 
Found |Calculated 
c H Cc H 
*CsH;CH,COOH 138 
137 136 
185 
¢C.H;sCH2(CH:2)s,COOH 187 192 74.85 | 8.15 75.02 8.33 
201 75.00 8.31 
¢CsH;(CH2)sCOOH 260 
268 248 77.82 9.64 77.42 9.68 
77.80 9.96 























* M.p. 76° to 77° C., unchanged after admixture with an authentic sample. The p-bromo- 
phenacyl ester melted at 89° C. either aione or after admixture with an authentic sample. 


+ Because of the presence of 1-2 and 1-4 isomers and the small amounts of acids formed, 
pure derivatives have not been isolated. 


After the polymerization of 20 gm. of butadiene on sodium beads (4 to 5 
gm.) in the presence of 250 cc. of toluene at 25° C., the unpolymerized buta- 
diene was pumped off and was shown by mass-spectrograph analysis to contain 
0.3% of butene-2. In a run at 60° C., 1.7% of butene-2 was found in the 
evolved gas. (See footnote, page 659.) Repeated analyses of the initial 
butadiene failed to show even a trace of butene or other impurities. 

The neutral portion of the polymer was found to consist of phenyl alkanes 
with a very small amount (less than 0.1% vide infra) of straight chain hydro- 
carbons. It was hydrogenated and the resulting phenyl alkanes separated 
by fractional distillation 7m vacuo (Table I1). 

A quantity of polymer (5 gm.) was ozonized in ethyl acetate solution. 
It yielded hydrocinnamic acid (0.7 gm.), m.p. 46° to 47° C., either alone or in 
admixture with an authentic sample. The p-bromophenacy!] ester of the acid 
melted at 104° C., either alone or in admixture with the corresponding ester 
of authentic hydrocinnamic acid. 
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TABLE II 


PHENYL ALKANES DERIVED FROM HYDROGENATED POLYBUTADIENE 

















Mol. wt. Analyses 
Wt., Found Cal 
gm. Found, Calc . _— 
Av. Cc H "i H 
*CsH;CH2(CH2),.H 4.7 147 148 89.37 10.87 | 89.20 10.80 
89.25 10.69 
CsHsCH2(CH2)sH 5.5 209 204 88.04} 11.77 | 88.25 11.75 
88.20 | 11.79 
CsHsCH2(CH2) 12H 35 261 260 87.46 12.39 | 87.70 12.30 
87.66 12.56 
CsHsCH2(CH2)isH 1.8 324 316 87.16 12.56 | 87.35 12.65 
CeHsCH2(CH2)20H is 344 372 86.88 12.80 87.10 12.90 
Residue 10.6 


























* Amylbenzene had the following constants: dj? 0.8622, n3 1.4879, b.p. 205° C., molecular 
refractivity found, 49.41, calc. 49.40. 


The neutral product from the polymerization of 64 gm. of butadiene in 
215 gm. of toluene was hydrogenated and the fraction boiling below 150° C. 
dissolved in sulphuric acid - phosphorus pentoxide mixture. Extraction with 
Analar m-hexane gave no fraction boiling above 70° C.; indicating the absence 
of octane. The fraction of polymer boiling above 150° C. was diluted with 
n-hexane and chromatographed through a silica gel column. The first 
fractions yielded a small amount (ca. 50 mgm.) of high boiling material (above 
200° C. at 0.4 mm.) with a carbon—hydrogen ratio that suggested a mixture 
of paraffins (found: C, 84.33; H, 15.74%). 


Polymerization of Isoprene 


In order to obtain a product comparable with that obtained when butadiene 
was polymerized by sodium in the presence of toluene, 100 gm. of isoprene was 
slowly added over two hours to 500 cc. of purified toluene maintained at 
90° C. Ten grams of sodium had been previously very finely dispersed and 
were held in suspension by the high speed stirring device described by Morton 
(10). The large surface so formed was necessary because of the lesser reac- 
tivity of isoprene. 

After carbonation, extraction, and drying, as described for polybutadiene, 
25.6 mgm. of acid was obtained of which 9.3 mgm. was identified as phenyl- 
acetic acid. (Neutral equivalent, 144; p-bromophenacyl ester m.p., 89° C.) 
The neutral polymer was fractionated and characterized as shown in Table III. 

Bolland’s argument against sodium being chemically bound to the polymer 
chain as suggested by Ziegler was greatly strengthened by the apparent 
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absence of sodium in the polymer. The very small amount of acid (and 
therefore of sodium addition compounds) obtained in the above experiment 
with isoprene suggests that the actual number of sodium atoms involved in 
the dilatometric experiments described by Bolland was too small to be 
detected by the methods used. Qualitative evidence that sodium is distri- 
buted throughout the polymer in such an experiment and chemically bound 
to the polymer molecules was obtained in the following manner. An ampoule 
containing triphenylmethane in carefully dried hexane was attached through a 
breakable seal to a dilatometer, (Fig. 1, ref. (4) ), containing pure isoprene 
over a clean sodium surface. When the isoprene was polymerized, the solution 
of triphenylmethane was introducéd and permitted to diffuse downward 
through the polymer. A reddish color developed in the polymer, its intensity 
increasing near the sodium surface. Since triphenylmethy! will not combine 
directly with sodium metal but will undergo transmetallation with the sodium 
salts of all weaker ‘‘acids” to give reddish sodium triphenylmethyl, the above 
appearance of color was taken as evidence that there was sodium chemically 
bound to at least some of the polymer chains. 


Discussion 


No attempt has been made to examine the steps involved in the adsorption 
and reaction of butadiene at a sodium surface. It is conceivable that the 
production of a free radical precedes the formation of a disodium addend, 
but all the evidence suggests that it is the latter that is responsible for the 
polymerization of dienes. 

The fact that no octane was found although a very careful search was made 
for it (in one case less than 50 mgm. of higher molecular weight paraffins was 
isolated from 24 gm. polymer) indicates that the reaction between butadiene 
and the desorbed disodium addend is unimportant in the presence of a high 
concentration of toluene. This experimental evidence, coupled with the 
isolation of phenylacetic acid and butene-2, clearly points to a transmetallation 
between the diaddend and the toluene. 


NaCH:CH+=CHCH:2Na + 2HCH2C.H; —> 2NaCH:CsH; + CH;CH=CHCH; (1) 
NaCH.C;H; a CO, —_—_> Cs;H;CH,COONa 
Red Colorless 


The sodium benzyl so formed acts as a chain initiator by adding a molecule 
of butadiene, the addend being able to add further molecules of the monomer— 
a reaction that has been shown to take place readily. 


CsH;CH:Na + CH.x==CHCH=CH, — > C;H;CH2,CH;CH=CHCH:2Na (2) 
Butadiene 
— > C,;H;sCH.(CH,CH—=CHCH:2),Na (3) 


Further evidence for the stepwise addition of butadiene to sodium benzyl 
is found in the nature of the acids obtained by carbonation of the reaction 
mixture (Table I). 
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On the basis of such a mechanism it is evident that } (moles of acid from 
carbonation) = moles of butadiene activated at the surface. 

Since in the absence of toluene, initial kinetic studies showed that butadiene 
reacts very readily with sodium, the relatively small amount of butadiene 
undergoing primary activation at the surface may be explained if it be assumed 
that the rate of displacement of toluene by butadiene is slow compared with 
the rate of Reactions (2) and (3). The rates of initiation and diffusion of the 
diaddend will, of course, also be factors in determining the above ratio. 

Less than 1% of the polybutadiene polymer was found to contain carboxyl 
groups after carbonation; with isoprene the ratio was about 1 in 5000. None 
of the acids had two carboxylic groups, but all contained one phenyl group. 
This indicates that chain termination with toluene must occur very readily, 

CsHs(CH:CH=CHCH;),Na + HCH:CsHs —> 

CsHsCH.(CH:;CH=CHCH:)H + NaCH:CcHs 


to regenerate the chain carrier, sodium benzyl. The comparative ease with 
which this reaction takes place finds further support in the large proportion 
found of alkylbenzenes of low molecular weight (Tables II and I11). 


It will be noted that there is no evidence of sodium being attached to at 
least 99% of the polymer—a fact that might be construed as suggesting a 
free radical mechanism. However, such a mechanism fails to explain the 
immediate cessation of polymerization that occurs on carbonation. This 
effect would not be expected with a free radical mechanism but can be readily 
explained if it is assumed that sodio-organo compounds are intermediates in 
the polymerization. 

In the peroxide-catalyzed polymerization of vinyl acetate in the presence 
of toluene it has been shown (5) that toluene can terminate a growing free 
radical chain and cause the formation of a benzyl radical which can initiate 
a new chain or dimerize with a similar radical to give dibenzyl. Furthermore, 
dibenzyl has actually been shown to be a by-product of the above reaction (3). 
However, no dibenzyl could be isolated from the polymer arising from the 
sodium-polymerization of butadiene in the presence of toluene. This negative 
evidence is further proof that in the presence of toluene, chain transfer occurs 
through sodium benzyl rather than the benzyl free radical. The evidence 
obtained from the polymerization of isoprene supports this conclusion. 
Bolland has suggested that when a chain has terminated it is subsequently 
desorbed from the sodium surface. Such a mechanism will not account for 
the chemically bound sodium dispersed throughout the polyisoprene, nor for 
the sodio-benzyl formed in the course of the reaction, when toluene is present. 
Rather, all the results obtained in this investigation agree with the postulate 
that the initial step is the addition of sodium to isoprene, followed by inter- 
change with toluene to form sodium benzyl. The characteristic color accom- 
panying the polymerization, and the termination of polymerization on carbon- 
ation with the recovery of phenylacetic acid, as in the case of butadiene, 
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provides convincing evidence that with isoprene as well as butadiene, poly- 
merization proceeds by the primary formation of a disodium addend, rather 
than by the initiation free radical chain. 
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STUDIES IN THE POLYOXYPHENOL SERIES 


I. THE PREPARATION OF SOME SUBSTITUTED BENZYLAMINES 
AND BENZYLUREAS FROM VANILLIN! 


By J. A. F. GARDNER’, L. MITCHELL’, AND C. B. PURVES 


Abstract 


Reasonably satisfactory preparations, starting from either methylated or 
ethylated vanillin, are given for the following compounds, which are believed 
to be new: 3-methoxy-4-ethoxybenzylamine, m.p. 48° C., and its hydrochloride, 
m.p. 229°C.; N-ethyl-3,4-dimethoxybenzalimine, m.p. 56°C.; N-ethyl- 
3,4-dimethoxybenzylamine (uncrystallized) ; N-ethyl-3-methoxy-4-ethoxybenzyl- 
amine (uncrystallized); N,N’-di-(3,4-dimethoxybenzyl)-urea, m.p. 174° C.; 
3-methoxy-4-ethoxybenzylurea, m.p., 178° C.; N,N’-di-(3-methoxy-4-ethoxy- 
benzyl)-urea, m.p., 185°C.; sym-N,N’-diethyl-di-(3,4-dimethoxybenzy])-urea, 
m.p., 85° C.; and sym-N,N’-diethyl-di-(3-methoxy-4-ethoxybenzyl)-urea, m.p. 
74°C. Di-(3,4-dimethoxybenzyl)-amine, m.p., 70°C., and the phenyl car- 
bamate of di-(3-methoxy-4-ethoxybenzyl)-amine, m.p., 95° C., are incidentally 
described, together with an improved preparation of 3,4-dimethoxybenzylamine. 


Introduction 


Although it has been known for a long time that wood lignins and barks 
constitute an enormous reservoir of polyhydric phenolic substances, the 
chemical utilization of the latter has been hampered by their variety and 
structural complexity. Even research in the field is handicapped by the fact 
that the chemistry of simpler polyhydric phenols and their derivatives is still 
inadequately known. Vanillin, however, is already being produced on a 
commercial scale from the waste liquors obtained in the sulphite pulping of 
softwoods (21), and the potential supply seems limited by economic rather 
than by physical factors. The present article describes the preparation 
from vanillin (Ic) of the two primary amines (Ila) and (11d), the two secon- 
dary amines (IIIa) and (IIIb), and their individual condensation with phos- 
gene to the four symmetrically substituted ureas (IVa) (IVb), (Va) and (Vd). 
The substances (V) differ from sym-diethyldiphenylurea, a good stabilizer 
for nitrocellulose (16, p. 643), in being based upon alkoxylated benzyl instead 
of on unsubstituted phenyl units. Since nitrocelluloses have an affinity for 
the ether as well as for the ketone grouping, they might well prove more 
compatible with compounds such as (V) than with diethyldiphenylurea itself. 
It was considered prudent to carry out the research both in the 3,4-dimethoxy 
and in the 3-methoxy-4-ethoxy series, because a slight change in alkoxyl 
substitution might make a significant alteration in compatibility, melting 
point, or other relevant physical property. 

1 Manuscript received in original form March 13, 1948, and as revised, June 10, 1948. 
Contribution from the Division of Industrial and Cellulose Chemistry, McGill University, 


Montreal, P.Q. 
2 Present address: Forest Products Laboratory, University of British Columbia, Vancouver, 


B.C. 


3 Present address: Research Laboratory, F. W. Horner Ltd., Montreal, Que. 
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In order to avoid synthetical complications caused by the phenolic hydroxyl 
group, vanillin (Ic), was methylated (4), or ethylated (9) in 80 to 85% yield 
by standard procedures employing aqueous caustic soda and the appropriate 


CHO CH2NH2 CH.NHC2H; 


|_ocH om _ 
aaa con 


OR OR 
Ia, R=CH; IIa, R=CHs; IIIa, R=CHs 
Ib, R=C.H; ld, R=C:H; IIIb, R=C2H; 
Ic, R=H 
C2H; CH; 
CH:—NH—CO—NH—CH:2 CH:—N—CO—N—CH, 


l l 
( | 
OCH; am \ Locus \ OcHs 
OR OR OR OR 
IVa, R=CH; Va, R=CH; 
IV), R =C.H; Vd, R =C.H; 


dialkyl sulphate. The conversion of the pure aldehydes (Ia) and (Id) to 
the amines (II) involves the formation and subsequent reduction of the 
corresponding oximes or imines. Considerable attention has been given to 
improving the technique of such reductions, (2, 10, 17, 18, 19, 24), and the 
main difficulty to be overcome is a tendency to form the corresponding 
secondary amine. In brief, von Braun and his collaborators (2), also Winans 
and Adkins (24), and Schales (18) consider that the reduction of an oxime 
or nitrile tends to produce the imine, R—CH==NH, which then reacts accord- 
ing to the Equations A, B, and By. 


He 
RCH=NH —> RCH.NH:2 (A) 
RCH=NH + RCH:NH2 —> RCH=NCH:R + NHs (B) 
He 
RCH =NCH2R — > RCH2NHCH:2R (Bi) 


It follows from these equations that the formation of secondary amine should 
be suppressed (a) if that of the imine is prevented by an initial reduction of 
the carbon-nitrogen double bond, rather than the nitrogen—hydroxyl bond, 
in an oxime RCH=NOH;; (bd) if the amount of imine is kept to a minimum; 
(c) if the condensation (B) between imine and primary amine is inhibited 
by the preferential formation of an amine salt; and (d) if an excess of ammonia 
is present to compete for the imine in the condensation B. Such condensation 
would result in the formation of primary amine by the route (C) (19). 


H2 
RCH=NH + NH; —> RCH =(NH2)2 — RCH:NH:2 + NHs (C) 
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In agreement with these inferences, Rosenmund and Pfankuch (17) obtained 
a 90% yield of primary amine by the reduction of benzaldoxime acetate 
(factor a). Schales’ (18) slow, drop by drop addition of p-methoxyphenyl 
acetaldoxime, or of homopiperonyl! oxime, to a reduction chamber containing 
glacial acetic acid, much palladium catalyst, and about 5% of concentrated 
sulphuric acid also resulted in a nearly quantitative reduction to primary 
amine (factors 6 and c). Previously, Hartung (10) employed anhydrous 
ethanolic hydrogen chloride and a palladium catalyst with good results in the 
reduction of benzonitrile or benzaldoxime to primary amine (factor c). 
Schwoegler and Adams (19) minimized the production of imine during the 
hydrogenation of n-butyl and n-hexyl cyanide by using excess liquid ammonia 
(factor d), and attributed their large yield of primary amine to the hydro- 
genolysis or cleavage of the ammonia-imine adduct shown in Equation 
(C). If, however, Reaction (B) is assumed to be reversible, the favorable effect 
of the ammonia is in accord with the mass action law. This explanation is 
supported by the results of Winans (23), who obtained an 81% yield of 
benzylamine by hydrogenating hydrobenzamide over Raney nickel in the 
presence of excess ammonia. He considered that the equilibria (D) and (£) 
were involved in the formation and reduction of the hydrobenzamide. 


RCHO + NH; == RCH=NH + H:0 (D) 
3 RCH=NH == (RCH=N).CHR + NH; (EZ) 


In accord with (£), the yield of benzylamine increased to a maximum of 
about 90% as greater concentrations of ammonia were used, and the small 
amount of dibenzylamine formed was thought to arise from the reduction of 
unchanged hydrobenzamide. Winans did not consider the possibility that 
secondary amine might occur by the mechanism (B), which, if in fact rever- 
sible, would also explain the favorable effect of excess ammonia. As Equation 
(D) suggests, preformation of the hydrobenzamide was not necessary because 
hydrogenations of mixtures of benzaldehyde and ammonia gave the same 
results. This method of synthesizing primary amines, originated by Mignonac 
(14), produced good yields only when resin formation was avoided by the use 
of aldehydes containing no a-hydrogen atom. The employment of low 
pressure hydrogen in presence of excess ammonium chloride (1) constitutes a 
new and valuable improvement in the general method. 


When the Winans synthesis was applied to 3-methoxy-4-ethoxybenzalde- 
hyde (1d) in the presence of four moles of ammonia, the yield of the primary 
amine (IIb) was 71%, and that of the corresponding secondary amine 2 to 3%. 
When equimolar amounts of the aldehyde and ammonia were used, the 
percentages were 62 and 12, respectively. Similar observations were made in 
the parallel preparations from the 3,4-dimethoxy aldehyde (veratric aldehyde) 
(Ia). Both of the primary amines (IIa) and (IIb) were readily isolated by 
fractional distillation and could be further purified via their crystalline 
hydrochlorides in an over-all yield from vanillin of about 56% of theory. 
Both were basic substances readily soluble in water and organic liquids, but 
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only the 3-methoxy-4-ethoxybenzylamine (IIb) crystallized. The converse 
was true of the corresponding, higher boiling secondary amines, for the 
3,4-dimethoxy derivative crystallized and the 3-methoxy-4-ethoxy analogue 
did not. A crystalline phenylurea, however, was readily prepared from the 
latter. Juliusberg (11) and also Douetteau (8) reduced a solution of vera- 
traldoxime in acidulated alcohol with sodium amalgam and _ recovered 
3,4-dimethoxybenzylamine and its hydrochloride in unstated yields. Nelson 
(15) later showed that the hydrolysis of capsaicin, the pungent constituent of 
pepper, yielded crystalline vanillylamine, and that 3,4-dimethoxybenzylamine 
could be obtained from methylated capsaicin in the same way. The corre- 
sponding 3,4-dihydroxyamine was also described (8). 


No attempt was made to prepare the N-ethylamines (IIIa), (111d) from 
the primary amines (IIa) and (11d) by direct alkylation, since this procedure 
often yields mixtures that are difficult to separate. The synthesis adopted 
was based on the work of Young and Robinson (25), who obtained a 70% 
vield of benzylethylamine by the electrolytic reduction of the Schiff base 
derived from benzaldehyde and ethylamine. Buck and Baltzly’s (5) later use 
of platinum oxide at room temperature to reduce glacial acetic acid solutions 
of ‘various benzylidene Schiff bases resulted in almost quantitative yields of 
the secondary amines. Similar results were obtained in Magee and Henze’s 
(12) reductions over Raney nickel with hydrogen at 2000 lb. pressure and at 
75°C. In-the present investigation no difficulty was experienced in preparing 
nearly quantitative yields of crystalline N-ethyl-3,4-dimethoxybenzalimine 
from veratric aldehyde (Ia) and ethylamine, but the substance was recovered 
unchanged when hydrogenated with Magee and Henze’s conditions. A brief 
hydrogenation of a veratric aldehyde — ethylamine mixture over Raney 
nickel at 120° to 130° C., however, resulted in an 85% yield of N-ethyl- 
3,4-dimethoxybenzylamine (IIIa), which distilled as a mobile, colorless oil. 
N-ethyl-3-methoxy-4-ethoxybenzylamine was prepared in similar fashion from 
(1d) and it also failed to crystallize. Tiffeneau (20) obtained similar N-methyl 
and N-dimethyl amines from 3,4-dimethoxybenzy] chloride. 


Although some substituted ureas have been prepared by the action of water 
or an amine on an isocyanate (3), the frequent inaccessibility of the latter 
limits the scope of the method. Davis and Blanchard (6, 7), however, 
postulated that a series of reversible reactions leading to benzylisocyanate was 
established by heating a mixture of benzylamine hydrochloride and urea for 
two hours at 160° to 170°C. Simultaneous condensation of the isocyanate 
with the amine produced a 69% yield of N,N’-dibenzylurea. The method 
was valid only with primary amines and thus was limited to the preparation of 
symmetrical disubstituted ureas, and such monosubstituted intermediates as 
could be isolated. In the present case, a relatively low yield, 53%, of the 
disubstituted urea (IVb) was produced by heating (11d) with urea, and only 
the monosubstituted derivative, 3-methoxy-4-ethoxybenzylurea, resulted 
when the amine hydrochloride and urea were boiled together in aqueous 
solution. The latter observation is in accord with that of Davis and Blanchard 
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for benzylamine itself, and stands in contrast to the easy production of 
diphenylurea from aniline in similar conditions (6, 7). 

Michler’s (13) pioneer work, later interpreted by Wahl (22) as the con- 
densation of aniline with phosgene in two stages to yield one mole of dipheny1- 
urea, has produced two modern modifications, in the first of which the con- 
densation occurs between phosgene and an aqueous solution of the amine 
hydrochloride kept alkaline with sodium carbonate. The free base and a 
solution of phosgene in toluene are used in the second modification. An 84% 
yield of the crystalline, disubstituted urea (IVb) was obtained when the 
amine (IIb) was submitted to the first procedure, whereas the yield was only 
33% when the condensation occurred between the free base and phosgene in 
toluene solution. The latter method also gave a poor yield, 35%, of N,N’-di- 
(3,4-dimethoxybenzyl)-urea (IVa), which was also a crystalline substance 
nearly insoluble in water. It was interesting to note that the efficacy of the 
above procedures was reversed when the secondary amine (IIIb) was 
employed, the yield of the pure crystalline urea (Vb) being 47% by the aqueous 
phosgene process and about 75% by the toluene-phosgene method. The 
latter method also resulted in an 80% yield of the crystalline urea (Va), 
which, like (Vb), melted below 90° C. and was a high boiling substance, very 
soluble in acetone, ether, benzene, and ethanol, but insoluble in water. The 
disubstituted products, (IVa) and (IVd), melted above 170° C. and were only 
slightly soluble in hot ethanol, chloroform, or ethyl acetate. Compounds 
(IVb), (Va), and (Vb) were obtained in over-all yields of 49, 56, and 43%, 
respectively, in the three stage synthesis from vanillin, and the low over-all 
yield, 20%, found for (IVa) could safely be attributed to the use of an in- 
appropriate method in the final condensation with phosgene. 


Experimental 


Unless otherwise mentioned, melting points were uncorrected and C.P. 
reagents were used. 


3-Methoxy-4-ethoxybenzylamine (IIb) 

Twenty-five grams of pure, molten 3-methoxy-4-ethoxybenzaldehyde (1d), 
melting correctly at 65° C. (9), was poured with stirring into a solution of 
10 gm. (4 moles) of anhydrous ammonia in 190 cc. of absolute ethanol. After 
adding 2 gm. (wet with ethanol) of Raney nickel catalyst, the mixture was 
immediately transferred to a 500 cc. bomb and hydrogenated at an initial 
pressure of 1400 p.s.i. The temperature was increased from 40° to 88° C. 
during 30 min. and the bomb was then allowed to cool. After the contents 
had been filtered and evaporated, 15.94 gm. of the residual light yellow oil 
(24.5 gm.) was distilled in a nitrogen atmosphere through a Widmer column. 
The main fraction, boiling at 135° to 180° C. (0.5 mm.), consisted of 11.64 gm. 
of colorless crystals whose melting point of 48° C. was unchanged by recrystal- 
lization from low boiling petroleum ether. The yield of the pure primary 
amine was 71% and its aqueous solution was definitely alkaline to litmus. 
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Calc. for (11d), CioHis02N: C, 66.3; H, 8.35; alkoxyl as OCH3;, 34.2%. 
Found: C, 66.3, H, 8.37; “OCH;’, 33.8%. 


Treatment of a dry ether solution of the amine, 2.2 gm., with hydrogen 
chloride gas precipitated 2.54 gm. (96%) of 3-methoxy-4-ethoxybenzylamine 
hydrochloride as fine colorless crystals, melting at 229° C. after recrystalliza- 
tion from ethanol. Calc. for CioHisO2.NCI : C, 55.2, H, 7.4; N, 6.4; alkoxyl 
as OCHs, 28.5; Cl, 16.3%. Found: C, 55.4, 55.1; H, 7.4, 7.7; N, 6.4, 
6.4; “OCH3;”, 28.8, 28.6; Cl, 16.1, 16.3%. 


The same hydrochloride was obtained when an ethanol solution containing 
46 gm. of undistilled product of the hydrogenation was saturated with 
hydrogen chloride gas at 25°C. Filtration of the resulting white slurry 
yielded a solid which was recrystallized, finally at 0° C., from 1100 cc. of 
boiling ethanol. Decolorizing charcoal was used. The total recovery of 
primary amine hydrochloride, melting at 226° to 228°C., was 21.12 gm. 
or 56%. 


Supposed Phenylcarbamate of Di-(3-methoxy-4-ethoxybenzyl )-amine 


As already mentioned, the hydrogenation of 3-methoxy-4-ethoxybenzalde- 
hyde (1d) in presence of ammonia yielded on distillation at 0.5 mm. pressure 
a primary amine fraction boiling at 135° to 180° C. - A small amount (0.415 
gm. or 2.6%) of a fraction boiling at 260° to 270° C. was also isolated. A 
similar product (0.575 gm.), when condensed with 0.2 gm. of phenylisocyanate 
gave a crystalline phenylcarbamate which recrystallized from aqueous ethanol 
as colorless needles. Yield 0.67 gm. melting at 94° to 95°C. Calc. for 
C27H320;Ne: N, 6.03%. Found: N, 6.05, 6.32%. 


3,4-Dimethoxybenzylamine (Veratrylamine ) (IIa) and its Hydrochloride 

A solution of 20.5 gm. of redistilled, nearly colorless veratric aldehyde (Ja), 
prepared by a standard method (4), was made up in 150 cc. of ethanol con- 
taining 12 gm. (5.5 moles) of dry ammonia gas. This solution was hydro- 
genated over 2 gm. (wet) of Raney nickel at 80° C. for one hour, the initial 
hydrogen pressure being 1400 p.s.i. Distillation of the product from a 
Claisen flask gave 15.2 gm. (70%) of crude veratrylamine boiling at 160° to 
170° C. (bath temperature) and 10 mm. pressure, and 2.7 gm. (13%) of the 
corresponding crude secondary amine, boiling at 185° to 210° C. (8 mm.). 


The lower boiling fraction, when dissolved in ethanol containing an excess 
of hydrogen chloride gas, deposited an 80% yield of crystalline veratrylamine 
hydrochloride, m.p. 241° C. after recrystallization from ethanol. Calc. for 
CysHi,O.NCI : N, 6.9%. Found: N, 6.95%. 

Douetteau (8) reported a density of 1.1430 at 0°C. and a boiling range 
154° to 158° C. at 12 mm. pressure for the free base, and a melting point of 
257° C. for the hydrochloride. 


Di-(3,4-dimethoxybenzyl )-amine (Diveratrylamine ) 
The higher boiling fraction (2.7 gm.) from the above hydrogenation 
solidified on standing. After recrystallization from ether — petroleum ether 
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the substance melted at 69° to 70°C. Calc. for CisH230sN :C, 68.3; H, 
7.3%. Found: C, 68.6; H, 7.2%. 
N-Ethyl-3,4-dimethoxybenzalimine 

Five cubic centimeters of a 33% aqueous solution of ethylamine was added 
at room temperature to a solution of 5 gm. of veratric aldehyde (Ia) in 10 cc. 
of ethanol. Next day the turbid liquid was filtered and evaporated at reduced 
pressure to an oil that distilled at 133° to 136° (0.1 mm.). The colorless 
distillate, obtained in quantitative yield, solidified completely and, after 
recrystallization from low boiling petroleum ether, melted at 55° to 56°C. 
Calc. for C1Hi;02.N : C, 68.5; H, 7.85%. Found: C, 68.5; H, 7.86%. 
N-Ethyl-(3,4-dimethoxybenzyl)-amine (IIIa) 

A solution of veratric aldehyde (Ia), 25 gm., and liquid ethylamine, 11 cc., 
was allowed to remain at room temperature overnight to complete the forma- 
tion of the above imine. The solution was then hydrogenated over 5 gm. 
(wet) of Raney nickel, using an initial hydrogen pressure of 1400 p.s.i. and 
heating the bomb during 90 min. from room temperature to 120° C. before 
allowing it to cool. After recovery, the residual oil was distilled from a bath 
at 170° to 185°C. (0.5 mm.) to give 24 gm. (85%) of the N-ethyl-3,4- 
dimethoxybenzylamine as a mobile, colorless oil. Calc. for CiHi;O.N : 
C, 67.7; H, 8.8%. Found: C, 67.4; H, 8.9%. 

A similar hydrogenation in which the temperature did not exceed 80° C. 
resulted in a quantitative recovery of the intermediate imine. 


N-Ethyl-(3-methoxy-4-ethoxybenzyl )-amine (IIIb ) 


A solution containing 15 gm. of 3-methoxy-4-ethoxybenzaldehyde (Jb) and 
6.4 cc. of ethylamine in 100 cc. of ethanol was hydrogenated over 2 gm. of 
Raney nickel at 120° to 130° C. for 20 min. with hydrogen initally at 1400 p.s.i. 
The product, 16.5 gm. of a mobile, light brown liquid, on distillation through 
a Widmer column, yielded 2.66 gm. of low boiling fractions, which were 
discarded. The main fraction, boiling from a bath at 123° to 160°C. (1.5 
mm.), amounted to 12.2 gm. (70%) and consisted essentially of the desired 
amine. Calc. for CjHiO2N :C, 68.9; H, 9.2; alkoxyl as OCH3, 29.7%. 
Found: C, 68.5, 68.4; H, 9.1, 9.0; “OCH3;’, 29.2, 29.6%. 

The amine did not crystallize and gave crystalline adducts neither with 
phenylisocyanate, nor a-naphthylisocyanate nor phenylthioisocyanate. The 
condensations, however, proceeded vigorously in each case. 


N-(3-methoxy-4-ethoxybenzyl )-urea 

Urea, 1.4 gm., and 3-methoxy-4-ethoxybenzylamine (11d), 5 gm., were 
boiled together under reflux in 50 cc. of water for four hours and the resulting 
slurry of crystals was cooled to 0° C. before filtration. Recrystallization of 
the 2.504 gm. (49%) of residual solid, first from ethanol and then from water, : 
failed to change its melting point from the original value of 178°C. Calc. for ; 
CuHigO3N2 : C, 58.8; H, 7.2; N, 12.5; alkoxyl as OCH3;, 27.7%. Found: 
CC. .AS eh, 722: N, a2. “OCR”, 27:26, 27.8%. 
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N-N’'-Di-(3-methoxy-4-ethoxybenzyl)-urea (IVb) 

A solution containing 12 gm. of the corresponding amine hydrochloride 
(11d) in 500 cc. of water was made alkaline with sodium carbonate, and 
phosgene was bubbled through at 15° C. until precipitation was complete. 
The precipitate, dried on a suction plate, recrystallized from 1100 cc. of ethanol 
as colorless fine needles, melting at 185° C., in a yield of 8.98 gm. or 84% of 
theory. Calc. for CoH2xO;Ne :C, 65.0; H, 7.3; N, 7.2; alkoxyl as OCHs, 
32.0%. Found: C, 64.7; 65.3; H, 7.3, 7.3; N, 7.2, 7.0; “OCH;”, 32.1, 
32.2%. 

N,N’-Di-(3 »4-dimethoxybenzyl )-urea (IVa) 

A 20% solution of phosgene in toluene, 22.5 cc., was added, dropwise, with 
stirring and at room temperature, to a solution of 15 gm. of 3,4-dimethoxy- 
benzylamine (IIa) in 200 cc. of toluene. Next day the voluminous white 
precipitate was recovered, washed with water, and dried. All of this addition 
compound, 15 gm., was dissolved in 300 cc. of boiling 50% aqueous ethanol 
and 25 cc. of 30% aqueous potassium hydroxide was added. An abundant, 
apparently fibrous white precipitate, which rapidly formed as the solution 
cooled, was recovered, washed thoroughly with water and dried at 100° C. 
The yield was 6.0 gm. or 35%; melting point, 172° to 173°C. Recrystalliza- 
tion from ethanol raised the melting point to 173° to 174°C. Calc. for 
CisH2sO;Ne2 : C, 63.3; H, 6.7; N, 7.8%. Found: C, 62.9; H,6.7; N, 7.9%. 
Sym-N,N'-diethyl-di(3-methoxy-4-ethoxybenzyl )-urea (Vb) 

A solution of 25 gm. of N-ethyl-3-methoxy-4-ethoxybenzylamine (IIIb) in 
100 cc. of toluene was vigorously stirred with 20 gm. of powdered sodium 
carbonate while 30 cc. of a 15 to 20% solution of phosgene in toluene was 
added, drop by drop with cooling. After the mixture had been stirred for 
two hours, it was heated for four hours on the steam bath. Water, 5 cc., was 
then added and the heating continued for a further two hours, before the 
mixture was cooled, filtered, and extracted with 10% sulphuric acid to remove 
any unchanged amine. After the toluene layer had been washed with water 
and dried over anhydrous sodium sulphate, evaporation under reduced 
pressure left 17.5 gm. of a very viscous, amber-colored oil. On distillation at 
0.2 to 0.3 mm. nitrogen pressure from a Claisen flask kept in a bath at 235° 
to 260° C., this oil yielded 15.2 gm. of a light yellow fraction, nj, 1.5482, 
which slowly crystallized on standing. Recrystallization from ether gave 
colorless crystals, melting at 73° to 74° C. 

The sulphuric acid extract, when made strongly alkaline and extracted with 
ether, yielded 6 gm. of unchanged amine, njj, 1.5208, the recovery of which 
suggested that more phosgene should have been used in the preparation. 
The yield of the pure urea (Vb) was 75% on the basis of the unrecovered 
amine. Calc. for (Vb), CssH36OsN2 :C, 67.5; H, 8.2; N, 6.3; alkoxyl as 
OCHs, 27.9%. Found: C, 67.7, 67.7; H, 8.1, 8.2; N, 6.1, 6.2; “OCH3’, 
28.1, 28.1%. 
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Sym-N,N’-diethyl-di-(3,4-dimethoxybenzyl )-urea (Va) 

This substance was prepared from 5 gm. of the appropriate amine (Illa), 
sodium carbonate, 5 gm., and phosgene, 4 gm., in toluene, substantially as 
just described for the 4-ethoxy analogue. The product, melting at 83° to 
84° C. after recrystallization from ether — petroleum ether, weighed 4.2 gm. 
(80%). Further recrystallization from ether raised the melting point to 84° 
to 85°C. Calc. for C23H30;Ne2 : C, 66.3; H, 7.8; N, 6.7%. Found: 66.4; 
H, 7.8; N, 6.7%. 
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STUDIES IN THE POLYOXYPHENOL SERIES 


II. THE SYNTHESES OF THREE SUBSTITUTED N-BENZYL 
AMIDES FROM ETHYLATED VANILLIN! 


By V. R. GrRaAssIE? AND C. B. PURVES 


Abstract 


Preparations are given for sym-N,N’-diethyl-di-(3-methoxy-4-ethoxybenzy])- 
oxamide, m.p. 86° C.; the corresponding succinamide, m.p. 125° C.; for sym- 
N,N’-diethyldibenzylsuccinamide itself, m.p. 75°C.; and for 3-methoxy-4- 
ethoxycinnamamide (0-ethyl ferulamide), m.p. 186°C. No descriptions of these 
four substances were found in the literature. A convenient alternative prepara- 
tion of ethyl benzylamine is described. 


Introduction 


The preceding article (5) described an easy one-step synthesis from ethylated 
vanillin of N-ethyl-3-methoxy-4-ethoxybenzylamine (1), and the condensation 
of the latter with phosgene to the corresponding sym-tetrasubstituted urea. 
Bornwater (1), Figee (4), Giua (6), and others showed that if the phosgene 
used in this type of condensation, 


2 RiR2NH + CICOCI —> RiR:.N—CO—NRiR: + 2 HCl 


was replaced by oxalyl chloride, substances of the type RiRgN—CO-—CO-N RR: 
were produced. Analogous products were obtained when B-phenylethylamine, 
or other primary amines, were mixed with diethyl oxalate (9) or were heated 
at 180° to 200°C. with anhydrous oxalic acid (3). Alkali hydrolyzed the 
tetra- and disubstituted oxamides only with difficulty (1, 3). The present 
experiments showed that oxalyl chloride and anhydrous sodium carbonate 
converted the secondary amine (I) in 35% yield to the oxamide (IIa). Succinyl 
chloride in the same circumstances gave the corresponding succinamide (IIb) 
in 50% of the theoretical amount. 

Ethyl benzylamine, a simpler analogue of I, was prepared by Wallach (14) 
from benzaldehyde and ethylamine formate in his extension of the Leuckart 
reaction (2) to aromatic aldehydes. The alkylation of two moles of benzyl- 
amine with one mole of ethyl bromide was reported to give good yields of the 
pure secondary amine (10), which was also obtained in unstated yield by 
reducing the vapors of the benzaldehyde—ethylamine Schiff base with hydrogen 
over finely divided nickel at 200° to 215°C. (8). A modern adaptation of 
this technique has now been found to give 70% yields of ethyl benzylamine, 
and to be as efficacious as the electrolytic reduction of the Schiff base carried 
out by Young and Robinson (16). The condensation of the secondary amine 
with succinyl chloride yielded sym-diethyldibenzylsuccinamide, which was 


1 Manuscript received in original form March 13, 1948, and, as revised, June 10, 1948. 
Contribution from the Division of Industrial and Cellulose Chemistry, McGill University, 
Montreal, Que. 
2 Present address: Experiment Station, Hercules Powder Company, Wilmington, Delaware. 
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required for purposes of comparison. This tetra-substituted urea, like Ila 
and IId, was a colorless, crystalline substance, insoluble in water but soluble 
in ether and other organic liquids. 


CH:—NH—C:2H; 1s Caen 
len O —OCH; 
OC:H;s bl 2Hs 
I IIIa R, OH 
IIIb R, NH: 
C.Hs C.H; 


ee ee 


ee —OCH:; 


OC2H; C:Hs 
Ila x, 0 IIb x, 2 


Slotta and Heller (12), Schlitter (11) and possibly others synthesized 
3-methoxy-4-ethoxycinnamic acid (0-ethylferulic acid, IIIa) in 90% yield by 
condensing ethylated vanillin with malonic acid in pyridine—piperidine solu- 
tion. Since o-ethylferulamide (I11b) was required for comparative purposes, 
it was synthesized from (IIIa) by treating the latter first with phosphorus 
trichloride to form the acid chloride, and then with aqueous ammonia. This 
Decker (3) synthesis resulted in a 91% yield of the crystalline amide (IIIb), 
which was insoluble in water and dissolved very sparingly if at all in common 
organic liquids. 

Experimental 


All melting points were uncorrected. 
Sym-N,N'-diethyl-di-(3-methoxy-4-ethoxybenzyl)-oxamide (IIa) 


Ten grams of the secondary amine (1), prepared as previously described (5), 
was dissolved in 200 cc. of dioxane freshly distilled over sodium. After adding 
10 gm. of anhydrous sodium carbonate, 3 cc. or 4.3 gm. of liquid oxalyl 
chloride (13) was slowly dropped into the vigorously stirred mixture. Stirring 
was continued for three hours and was followed by heating under reflux for 
four hours. Solids were then removed by filtration, the filtrate was evaporated 
under reduced pressure, and an ethereal solution of the residual oil was 
decolorized with absorbent carbon. The oxamide separated from the ether 
as clusters of colorless prisms whose melting point of 80° C. was increased to 

*85° to 86°C. by recrystallization from ether. Yield, 3.95 gm. or 35%. 
Calc. for CosH36OgNe : C, 66.0; H, 7.6; N, 5.9; alkoxyl as OCHs, 32.2% 
Found: C, 65.6, 66.0; H, 7.3, 7.5; N, 6.0, 6.2; “OCHs3’, 32.5, 32.6%. 

















GRASSIE AND PURVES: STUDIES IN THE POLYOXYPHENOL SERIES. II. 679 


Sym-N,N'-diethyl-di-[3-methoxy-4-ethoxybenzyl]-succinamide (IIb) 

Ten grams of (I), dissolved in 15 cc. of dry benzene, 4 gm. of anhydrous 
sodium carbonate, and 4.5 gm. of succinyl chloride were heated together 
under reflux, the procedure being the same as that used for the preparation of 
the oxamide. The filtered solution was washed twice with dilute aqueous 
caustic soda to remove any remaining acid chloride, twice with dilute sulphuric 
acid to remove any unchanged amine, and then twice with water. Drying 
was with anhydrous sodium sulphate, and evaporation of the benzene under 
diminished pressure left 6 gm. (50%) of a light brown oil, which was crystal- 
lized from ether. Recrystallization from ether containing some ethanol 
raised the melting point from 123° to 124.5°C. Calc. for CosHseOeNe : C, 
67.2; H, 8.0; N, 5.6; alkoxyl as OCHs3, 30.4%. Found: C, 67.5, 67.3; 
H, 8.1, 8.0; N, 5.6,5.7; “OCH;”, 30.2, 30.0%. 


N-Ethylbenzylamine 

The procedure for the preparation of the 3-methoxy-4-ethoxy derivative (5) 
was followed exactly, the Schiff base from benzaldehyde and ethylamine being 
hydrogenated over Raney nickel. The distilled product boiled at 196°C. 
(760 mm.), had a refractive index of n® 1.4971 and was obtained in 70% 
yield. Recorded boiling points for N-ethylbenzylamine are 190° to 200° C. (8), 
199° C. (14), and 198° C. (250 mm.) (16). 
Sym-N,N'-diethyldibenzylsuccinamide 

A solution of 7.5 gm. of ethyl benzylamine in 125 cc. of dry benzene, 6 gm. 
of anhydrous sodium carbonate, and 5 gm. of succinyl chloride dissolved 
in 15 cc. of dry benzene were used in the condensation, which was completed 
by heating under reflux for five hours. After washing the filtered liquid with 
dilute alkali, dilute acid, and water, evaporation of the dried solution left 
6.5 gm. of an oil. This oil on distillation at 2.5 mm. nitrogen pressure from 
a bath at 255° to 270° C. yielded 4.2 gm. (43%) of a distillate that slowly 
crystallized as colorless prisms melting at 73°C. Recrystallization from ether 
raised the melting point to 75°C. Calc. for CssH2sO2Ne: C, 75.0; H, 8.0; 
N, 8.0%. Found: C, 75.2, H, 7.6; N, 7.4, 7.4%. 
o-Ethylferulamide (IIIb) 

Ethylated vanillin, 68 gm., and malonic acid, 84 gm., prepared from mono- 
chloroacetic acid (15), were condensed together in 210 cc. of pyridine contain- 
ing 4 cc. of piperidine as a catalyst. The detailed procedure followed that 
used in a published synthesis of 3,4-methylenedioxycinnamic acid (7). Re- 
crystallization from dioxane of the resulting o-ethylferulic acid left 59.5 gm. 
(71%) melting at 200°C. The recorded melting points are 200° to 201° C. 
(11) and 205° C. (12). 

Following Decker’s procedure in an analogous case (3), o-ethylferulic acid, 
59.5 gm., phosphorus trichloride, 11 cc., and chloroform, 150 cc., were warmed 
together at 50°C. for three hours. Ten cubic centimeters more of the 
trichloride was then added and the temperature was kept at 50°C. for an 
additional hour, or until solution was complete. The chloroform solution, 
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now containing o-ethylferulic chloride, was poured with vigorous stirring into 
a large excess of cold, 25% aqueous ammonium hydroxide; the chloroform 
layer was separated, washed well with water, and concentrated on the steam 
bath. The concentrate on cooling deposited 54.5 gm. (91%) of o-ethyl- 
ferulamide as small colorless plates that melted at 186° C. after recrystalliza- 
tion from chloroform-ethanol. Calc. for Cw2His03;3N :C, 65.2; H, 6.8; 
N, 6.3%. Found: C, 65.4; H, 6.7; N, 6.3, 6.3%. 

The substance was insoluble at room temperature in methanol, ethy! ether, 
dioxane, and acetone, and dissolved only sparingly in ethanol, chloroform and 
methyl acetate. 
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STUDIES IN THE POLYOXYPHENOL SERIES 


III. SYNTHESES OF SUBSTITUTED PHENYLUREAS FROM 
METHYLATED AND ETHYLATED VANILLIN! 


By J. A. F. GARDNER’, R. Y. Morr’ ann C. B. Purves 


Abstract 


The object of the work was to prepare alkoxylated derivatives of sym-diethyl- 
diphenylurea from methylated and ethylated vanillin. Standard procedures 
for converting methylated vanillin to 3,4-dimethoxyaniline were extended to 
the syntheses of the known 3-methoxy-4-ethoxyaniline. The following deriva- 
tives of 3,4-dimethoxy a are believed to be new: the formanilide, m.p. 91° C.; 
sulphonamide, m.p. 132° C.; N-ethylsulphonamide, m.p. 94° C.; N-ethy lacetan- 
ilide, m.p. 62° C.; and -%, N -ethylaniline, an uncrystallized oil. Condensations 
of the last with phosgene yielded the N-ethy Icarbamyl chloride, m.p. 86° C.; 
N-ethyl-N N’-di-(3,4-dimethoxyphenyl)-urea, m. P. 159°C.; and the corresponding 
sym-N,N’-diethyl derivative, m.p. 79° C. N, N’-di-(3,4- dimethoxy phenyl)-urea, 
m.p. 214° C., was sy nthesized by a method that removed previous doubt about 
its structure. The derivatives of 3-methoxy-4-ethoxyaniline believed to be new 
are: the hydrochloride, m.p. 221° C.; the formanilide, m.p. 103° C.; the N-ethyl- 
formanilide, m.p. 80° C.; and the N-ethylaniline, m.p. 43°C. Condensations 
of the last with phosgene gave the N-ethylcarbamyl chloride, m.p. 85° C.; 
N-ethyl-N,N’-di-(3-methoxy-4-ethoxyphenyl)-urea, _m.p. 127°C. and the 
corresponding N,N’-diethyl. derivative, m.p. 51°C. A condensation of 3- 
methoxy-4-ethoxyaniline with urea resulted in the es monosub- 
stituted urea, m.p. 177° C.; and N,N’-disubstituted urea, m.p. 209°C. Yields 
were uniformly higher than those obtained in the 3,4- dimethoxy series. 


Introduction 


The object of the present research was to employ vanillin (1) as an accessible 
starting material for the syntheses of the structures (IIa) and (I1b), which are 
alkoxylated derivatives of Centralite (sym-diethyldiphenylurea). Since such 
ureas could be made conveniently by condensing two moles of the appropriate 
secondary amine with one mole of phosgene (20), the proposed syntheses 
reduced themselves to the preparation of the N-ethyl-3-methoxy-4-alkoxy- 
anilines (IIIa) and (I11b) from the corresponding primary amines (IVa) and 
(1Vb). Buck and Ide (4, pp. 44, 662) obtained the 3,4-dimethoxyaniline (1Va, 
4-aminoveratrole) in an over-all yield of about 47% by the sequence: vanillin, 
veratric aldehyde, oxime, nitrile, acid amide, and es a Hofmann degradation of 
the amide with sodium hypochlorite. The ethylation of vanillin to 3-methoxy- 
4-ethoxybenzaldehyde, and the preparation of the corresponding oxime and 
nitrile, were reported by Hann (12). The present article records the hydrolysis 
of this nitrile to the acid amide and the degradation of the latter to (IV) in 
an over-all yield of about 76%. Fetscher and Bogert (10) described an 


1 Manuscript received in original form March 13, 1948, and, as revised, June 10, 1948. 
Contribution from the Division of Industrial and Cellulose Chemistry, McGill University, 
Montreal, Que. 
2 Formerly National Research Council Associate in the Division of Industrial and Cellulose 
cas aa address: Forest Products Laboratories, University of British Columbia, 
ancouver, B.C. 


3 Present address: Research Laboratory, Dominion Rubber Company, Guelph, Ontario. 
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alternative two-step synthesis of (IVa) from veratrole, and a poor yield of 
(IVb) was obtained by Heidelberger and others (13, 17) in a five-stage synthesis 
from guaiacol (24). 





‘om , 
CHO N CO N 
OCH: OCH; H;CO— 
OH OR RO 
I IIa, R, CHs 
IIb, R, C2Hs 
C:Hs 
NH NHz 
OCHs OCH; 
OR OR 
IIIa, R, CHs IVa, R, CHs 
IIIb, R, C2Hs IVb, R, C2Hs 


The preparation of the pure secondary N-ethylamines (III) from the 
primary aromatic amines (IV) in good yield was the most serious difficulty 
encountered in the present work. Methods published for similar conversions 
depend upon direct alkylation with alcoholic hydrogen chloride at a high 
temperature, or with alkyl halide followed by the removal of a large excess 
of primary amine as a sparingly soluble addition compound with zinc chloride 
(15) or with alkyl halide followed by purification of the crude secondary amine 
through the nitroso compound (3, p. 290). Schiff bases derived from aromatic 
amines and aliphatic aldehydes yielded secondary aromatic amines by hydro- 
genation over Raney nickel in presence of sodium acetate (8, 9), or by cleavage 
after the addition of the elements of an alkyl halide (7) or sulphate (18, 19). 
Another approach was initiated by Hepp (14) who first prepared the pure 
crystalline acetanilide, then alkylated the sodium derivative, and finally 
obtained secondary amine by saponification of the acyl group. Hinsberg’s 
crystalline p-toluenesulphonamides (16) were later (18, 19) employed in a 
similar way, and Pictet and Crépieux (22) showed that substitution of acetan- 
ilides by formanilides simplified the alkylation and the final saponification. 
This method was studied in the present case, since it offered a prospect of 
preparing the secondary amines (III) in pure form under conditions not 
sufficiently drastic to cause loss of alkoxyl groups. 


The application of the Pictet and Crépieux synthesis to 4-aminoveratrole 
(IVa) proceeded successfully as far as the crystalline formanilide (Va) which 
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Fetscher and Bogert (10) tried in vain to prepare, but attempts at ethylation 
with ethyl bromide and potassium hydroxide yielded uncrystallized oils. 
Subsequent saponification of the formyl group also gave an oil from which a 
mixture of hydrochlorides, not resolved by fractional recrystallization, was 
obtained. The hydrochlorides included those of (IIIa) and (IVa), since 
one fraction yielded the corresponding, crystalline benzenesulphonamides 
when submitted to the Hinsberg method (16) of separating primary and 
secondary amines. Direct ethylations of (IVa) to (IIla) gave similar results. 
An attempt to ethylate (Va) with diethyl sulphate was only slightly more 
successful, yielding 31% of a water soluble brown oil and 26% of the crude, 
crystalline N-ethylformanilide (VIa). The latter was saponified without 
purification and (IIIa) was isolated in very small amount as its crystalline 


C.Hs C.Hs 
HN—CHO N—CHO N—COCI 
A 
= _ | | CHs 
OR OR . OR 
Va, R = CHs Via, R = CHs Vila, R = CHs 
‘Vb, R = CoH; VIb, R = C:Hs VIIb, R = C.H; 


N-acetyl derivative. Consideration of the experiments suggested that the 
formyl group in (Va) was partly removed during alkylation, or was not 
completely alkylated, although a more extensive study of the conditions would 
perhaps improve the results. 


A better method: of obtaining (IIIa) was eventually found in a standard 
Hinsberg synthesis, which readily gave an 88% yield of the crystalline 
N-benzenesulphonyl derivative of (IVa). The isolation of this derivative 
was unnecessary before ethylation to the crystaline benzenesulphonamide of 
(IIIa) in an over-all yield of 50 to 75%. This compound, like other sul- 
phonamides (21), was resistant to alkaline hydrolysis and was recovered 
nearly quantitatively after being boiled for five hours with 3.3% aqueous 
alcoholic caustic soda. Hydrolysis with boiling 20% aqueous hydrochloric 
acid in an inert atmosphere provoked extensive demethoxylation, but yields 
of (IIIa) of up to 67% were obtained when the solvent was 50% aqueous 
dioxane. Since any unhydrolyzed benzenesulphonamide could be eliminated 
by virtue of its insolubility in aqueous acid, and any demethoxylated products 
by their solubility in caustic soda, the method gave N-ethyl-4-aminoveratrole 
(IIIa) in a fairly pure condition. The substance, like the N-methyl homologue 
described by Burton (5), was a nearly colorless oil oxidized by air with great 
ease to brown gums. 

N-Ethyl-4-aminoveratrole was characterized by means of its crystalline 
acetyl derivative which, although readily prepared, was not a convenient 
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reference compound because its purification by recrystallization was wasteful 
and tedious. The compound was not only soluble in water but was extracted 
from ether solution by aqueous acid and therefore could not be satisfactorily 
freed from traces of basic amines by the conventional method. Moreover, 
this acetanilide was very difficult to saponify, 14% being recovered in pure 
crystalline form after many hours’ boiling in 25% aqueous alcoholic potassium 
hydroxide. Hydrolysis was finally brought about with boiling 25% sulphuric 
acid, but the brown color and rather wide boiling range of the product pointed 
to the presence of impurities. Heidelberg and Jacobs (13) used a similar 
acid strength to hydrolyze the acetyl! derivative of (IV), and Burton (5) noted 
the drastic conditions necessary to saponify the acetyl derivative of N-methy]- 
4-aminoveratrole with caustic potash. These substituted acetanilides there- 
fore resembled sulphonamides rather than formanilides in their behavior 
toward acid and alkali. 

The Pictet and Crépieux alkylation of 3-methoxy-4-ethoxyaniline (IV) 
proceeded in nearly quantitative yield to the pure, crystalline formanilide 
(Vb), but ethylations of the latter with alcoholic potassium hydroxide and 
ethyl bromide usually gave oils. These oils proved to be mixtures of the 
desired N-ethylformanilide (VIb) and the deformylated primary amine 
(IVb). One of the oils deposited a 69% yield of crystals whose melting 
point of 65° C. remained sharp through several recrystallizations from ether — 
petroleum ether. Nevertheless, careful fractional recrystallization and 
analytical data revealed the presence of approximately 30% of the unethylated 
formanilide. A standard ethylation of (Vd) with diethyl sulphate and aqueous 
alkali did not proceed, but a 72% yield of the crystalline N-ethylformanilide 
(VId) resulted when the ethylation was carried out in dioxane containing a 
minimum amount of water. An easy saponification then gave the secondary 
amine (III) in pure crystalline form, the over-all yield from (IV) being 
about 58%. 

The next step in the research concerned the condensation of the secondary 
amines (III) with phosgene to obtain the ureas (II). In trial runs, a solution 
of methylaniline and excess of phosgene in benzene—pyridine solution gave a 
75% yield of sym-dimethyldiphenylurea when boiled for only five minutes, 
the carbamyl] chloride formed in stage (a) of the condensation quickly con- 
densing with more of the amine (stage )). 


(a) 2 PhNHCH; + COCl — > PhN(CH;)COCI + PhNHCH;. HCl 
(6) PhN(CH;)COCI + PhNHCH; —> PhN(CH;)CON(CHs)Ph + HCl 


The alkoxylated N-ethylanilines (III), however, gave 53% and 85% yields of 
the corresponding, crystalline carbamyl chlorides (VII) even when heated 
under the same circumstances for half an hour. Efforts to complete stage (0) 
by carrying out the condensation in toluene—pyridine solution at 110° to 115° C. 
were also unsuccessful and occasioned some cleavage of alkoxyl groups, 
presumably by the pyridine hydrochloride formed as a by-product. The 
optimum temperature for this cleavage is reported to be 180° to 190° C. (21). 
In accord with the rather inert character of the halogen in the carbamyl 
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chlorides (VII), no great loss was occasioned by crystallizing (VIIa) from 
aqueous dioxane, or by washing its benzene solution with concentrated 
aqueous alkali or acid. The carbamyl chlorides, however, did react with 
the appropriate amine when boiled in toluene solution over anhydrous sodium 
carbonate for 6 to 24 hr. The sym-N,N’-diethyl-di-(3-methoxy-4-alkoxy- 
phenyl)-ureas (II) were isolated in 40% to 50% yield as crystalline substances 
melting below 80° C., and much more soluble than sym-diethyldiphenylurea 
(Centralite) in common organic liquids, including petroleum ether. 

When the secondary amines were not rigorously purified from the primary 
amines (IV), the above condensation also yielded variable amounts of the 
crystalline sym-disubstituted ureas (VIII, X = H), and of the monoethylated 
derivatives (VIII, X = C2H;). These four structures were checked by 





X—N co NH NH—CO—NH; 
XK a A 
on cwo-| ) [ Poth 


OR RO OR 
Villa, R = CH; IXa, R = CH; 
VIIIb, R = CoH; IXb, R = GH; 


X = Hor CH; 


special syntheses from the appropriate pure amines and carbamyl chlorides; 
all had the proper elementary compositions, and the molecular weights of the 
two veratryl derivatives were determined as an additional precaution against 
error. Di-(3,4-dimethoxyphenyl)-urea (VIIIa, X = H) melted at 214°C. 
and was previously obtained as fine needles melting at 215° C. by the action 
of water upon 3,4-dimethoxyphenylisocyanate (1). Fetscher and Bogert (10) 
found that the condensation of 4-aminoveratrole hydrochloride with a hot 
aqueous solution of urea deposited 10% of beautiful, white, lustrous needles, 
melting at 219°C. (corr.) and analyzing for (VIIIa, X = H), together with 
5% of less soluble, small white needles melting at 313° C. (corr.) but with a 
similar elementary composition. Since the amounts were inadequate for a 
detailed study, the authors tentatively considered the lower melting, more 
soluble product to be asym-di-(3,4-dimethoxyphenyl)-urea and reserved the 
symmetrical structure (VIIIa, X = H) for the other. It is now clear that the 
symmetrical formula pertains to the substance melting at 219° C. and can no 
longer be assigned to the crystals melting at 313°C. To judge from their 
unusually high melting point, these crystals might perhaps be the symmetrical 
trimer RNH—CO—NR—CO—NHR, where R represents the veratryl group. 
This trimer has practically the same composition as (VIIIa) but, of course, a 
higher molecular weight. The main product (50%) from Fetscher and Bogert’s 
condensation of aminoveratrole and urea was the monosubstituted urea 
(I1Xa), the ethoxy analogue of which (1X0) was prepared during the present 
research. 





686 CANADIAN JOURNAL OF RESEARCH. VOL. 26, SEC. B. 


The syntheses in the 3,4-dimethoxypheny] series (a) always gave yields not 
less than those obtained by other workers, when published data made com- 
parison possible. These yields, however, were systematically exceeded in 
the parallel work with 3-methoxy-4-ethoxy derivatives (series }), presum- 
ably because the latter crystallized better, and were more readily purified, 
than the former. The failure to obtain N-ethylaminoveratrole (IIIa) in 
crystalline form resulted in poorer yields and more difficult purifications in 
all subsequent steps. Table I shows that the replacement of the 4-methoxy 
by the 4-ethoxy group increased or decreased melting points in a capricious 
way that could not be correlated with the uniformly superior crystallizing 
ability of the 4-ethoxy series. 

TABLE I 


MELTING POINTS (UNCORR.) OF CORRESPONDING 3,4-DIMETHOXY- AND 3-METHOXY-4-ETHOXY- 
PHENYL DERIVATIVES 























3,4-Dimethoxy 3-Methoxy-4-ethoxy 
Derivatives 

Series (a), M.p. °C. Series (6), M.p. °C. 
Primary amines IV 88* 55t 
Hydrochlorides of IV 240f 221 
Formanilides of IV 91 103 
Acetanilides of IV 133§ 150°" 
Sulphonamides of IV 132 
N-Ethylamines III Oil 43 
Hydrochloride of III 157 
Formanilides of III (VI) 80 
Acetanilides of III 62 
Sulphonamides of III 94 
Carbamy] chlorides of IIT (VII) 86 85 
Monophenylureas from IV (IX) 21077 177 
Diphenylureas from IV (VIII) 214ff 209 
N-Ethyldiphenylureas (VIII) 159 177 
Diethyldiphenylureas from IIT (II) 79 51 











* Ref (10) 86° C. (corr.); b.p. about 172° C. (20 mm.); Ref. (4) 88° C. 
1 Ref. (13), 55° C. raised to 59° C. by treatment on porous plate; b.p. 175° to 176° C. (20 mm.). 


t Ref. (10). 


§ Ref. (10). 133° C. (corr.). 

** Ref, (13). 248 .5° to 150° C. 

tt Ref. (10). 210° C. (corr.). 

tt Ref. (1). 215°C. Ref. (10). 219° C.(?). 
Experimental 


All melting points were uncorrected. 


3,4-Dimethoxyaniline (4-aminoveratrole, I Va) 





The methylation of pure vanillin to veratraldehyde (2, p. 619), and the 
conversion of the latter to 4-aminoveratrol (4, pp. 44, 622) were exactly as 
described, yields and melting points quoted for each stage of the synthesis 


being confirmed. 


An over-all yield of 44% from veratrole was obtained 


for the pure product, whose melting point of 88° C. checked the published 


values of 86° C. (corr.) (10) and 88° C. (4, pp. 44, 622). 
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3-Methoxy-4-ethoxyaniline (IVb) 

The substitution of the equivalent amount of ethylated vanillin for the 
veratraldehyde used in the above preparation gave in turn the corresponding 
crude oxime (96%) and nitrile (94%), purified samples of which melted 
correctly (12) at 99°C. and 104°C., respectively. A partial hydrolysis of 
the nitrile resulted in a 96% yield of 3-methoxy-4-ethoxybenzamide, which 
melted sharply at 186° C. after recrystallization from 50% aqueous alcohol. 

A hot suspension of 56 gm. of the benzamide in 266 cc. of 1,4-dioxane was 
added to an ice cold solution of hypochlorite made by passing 24 gm. of chlorine 
into 800 cc. of 10% aqueous caustic soda. Heating the mixture in the way 
prescribed in similar work (4, pp. 44, 622) brought about the Hofmann 
degradation and, on cooling, the crude 3-methoxy-4-ethoxyaniline separated 
as an upper layer. This portion was combined with a benzene extract of the 
lower layer and, after being decolorized with absorbent charcoal, filtered, and 
dried, the benzene was evaporated under diminished pressure. The residue 
consisted of 44 gm. (92%) of light pink crystals m.p. 52° to 55° C., which on 
distillation from a bath at 135° to 145° C. (0.2 mm.) left 42 gm. of colorless 
product with the proper melting point of 55° C. (13). The over-all yield from 
ethylated vanillin was about 76%. 

A benzene solution of the free base when saturated with hydrogen chloride 
deposited 3-methoxy-4-ethoxyaniline hydrochloride, which melted at 221° C. 
after recrystallization from ethanol. 


3,4-Dimethoxyformanilide (Va) 
The preparations paralleled that of the 3-methoxy-4-ethoxy analogue (see 
below) and resulted in crude yields of 100% and 83%. After recrystallization 


the compound had a melting point of 90° to 91° C., undepressed by admixture 
with the authentic sample described in the succeeding article. 


Several unsuccessful attempts to ethylate this formanilide were mentioned 
in the Introduction. 


3-Methoxy-4-ethoxyformanilide (Vb) 


Fifteen grams of the primary amine (IVd) and 5.5 gm. of 90% formic acid 
were heated together under reflux for 40 min. and, after cooling, the colorless 
mixture solidified. The crystals were triturated and washed with cold water 
and dried. Yield, 17 gm. or 94%; m.p. 102.5° to 103°C., unchanged by 
recrystallization from ether. Calc. for CioH13;03N: C, 61.5; H, 6.7; N, 7.2%. 
Found: C, 61.5, 61.7; H, 6.7, 6.8; N, 7.2, 7.2%. 
N-Benzenesulphonyl-3,4-dimethoxyantline 

Crude, distilled 4-aminoveratrole (IVa), 10.9 gm., was melted and trans- 
ferred to a 500 cc., three necked flask equipped with a thermometer, mechan- 
ical stirrer, and dropping funnel. A solution of 18.7 gm. of potassium 
hydroxide in 142 cc. of water was added, and then 13.5 cc. of benzene sul- 
phonyl chloride was introduced drop by drop, the temperature being kept 
at 30° to 40° C. The amine dissolved rapidly and almost completely. Twenty 
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minutes after the addition, the solution was slowly heated to 75° C. and then 
allowed to cool with continuous stirring. This solution could be ethylated 
directly (see below) but, when the benzenesulphonamide was desired, the 
liquid was filtered and acidified with 30 cc. of concentrated hydrochloric acid 
to precipitate the product as a gum that soon solidified. After being thor- 
oughly washed, first with dilute acid and then with water, the crude purple 
crystals (yield 88%) were twice recrystallized from ethanol. The white pure 
substance melted at 132°C. Calc. for CisHisOs,NS: N, 4.8%. Found, 
N, 4.9, 4.9%. 
N-Ethyl-N-benzenesulphonyl-3,4-dimethoxyaniline 

The procedure was based upon one published (18, 19) for the methylation 
of p-toluenesulphonyl-w-amino-3,4-dimethoxyacetophenone. The solution of 
the benzenesulphonamide just described, or 18 gm. of the isolated crude 
product suspended in about 160 cc. of water, was mixed with 33.5 gm. of 
potassium hydroxide dissolved in 100 cc. of water. Diethyl sulphate, 46 cc. 
was added drop by drop during 45 min. to the solution, which was kept at 
70° C. and was stirred. Twenty minutes later the temperature was raised 
to 95°C. for a further half-hour, after which time the mixture was rapidly 
cooled and the solid recovered. The lumps were ground under water, extracted 
thoroughly with dilute caustic potash, dilute acid, and with water, and were 
dried in vacuo. Two recrystallizations of the 13.2 gm. of crude product from 
ethanol left 11.2 gm. (50%) of pure white prisms melting at 94°C. Calc. 
for CisHisOuiNS: N, 4.4%. Found: N, 4.4, 4.3%. 


The alkaline liquors on acidification yielded 5.0 gm. of the initial, unethy]- 
ated sulphonamide, and another 3.3 gm. of ethylated material, m.p. 93° to 
94° C., was recovered from the combined mother liquors. These amounts 
increased the yield to 84% of the sulphonamide that had reacted. In other 
runs the first fractions of the pure N-ethyl derivative amounted to 75% and 
51%, but 37% of starting material was recovered in the latter case. 


N-Ethyl-3,4-dimethoxyaniline (IIIa) 


Twenty grams of the recrystallized N-ethylsulphonamide was heated under 
reflux for three hours with 60 cc. of dioxane and 60 cc. of concentrated hydro- 
chloric acid, the atmosphere in the flask being illuminating gas washed with 
sulphuric acid. The reaction mixture was evaporated almost to dryness 
in vacuo and a solution of the solid residue in dilute hydrochloric acid was 
extracted with ether to remove any unhydrolyzed sulphonamide. After being 
made strongly alkaline with caustic soda, the aqueous residue was immediately 
and thoroughly re-extracted with ether to remove the product, whose color 
rapidly darkened during the process, owing to access of air. After drying over 
solid potassium hydroxide, distillation of the extract gave 7.6 gm. (67%) 
of a very slightly yellow oil boiling at 145° to 151°C. (8 mm. to 6 mm.). 
All attempts to crystallize this oil failed and, indeed, it could be preserved 
only under nitrogen from which traces of oxygen had been eliminated. 
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N-Ethyl-3,4-dimethoxyacetanilide 

The above uncrystallized oil, 4.4 gm., was dissolved in a mixture of 25 cc. 
of acetone and 9 cc. of acetic anhydride at room temperature. Forty-five 
minutes later the solvents were evaporated in a vacuum, last traces being 
eliminated by the successive addition and evaporation of water, benzene, 
and ether. The residue, 5.5 gm. (101%), crystallized when seeded and 
distilled as a very viscous oil boiling at 123° to 132°C. (28 microns). Two 
wasteful recrystallizations, from petroleum ether with the use of absorbent 
charcoal, yielded the acetate as colorless crystals, m.p. 61° to 62° C. Calc. for 
Cy2H1703N: C, 64.6; H, 7.6; N, 6.3%. Found: C, 64.7, 64.5; H, 7.6, 7.7; 
N, 6.4, 6.3%. 

The best method found to hydrolyze this acetanilide was to boil a solution 
containing 2.9 gm. in 12 cc. of water and 2.4 cc. of concentrated sulphuric 
acid for three hours in a nitrogen atmosphere. The addition of ice and a large 
excess, 8 gm., of potassium hydroxide precipitated an oil and a solid, but the 
entire mixture was extracted with three 20 cc. volumes of ether. <A beautiful 
blue color assumed by the strongly alkaline aqueous phase suggested that a 
readily oxidized aminophenol, perhaps 4-aminoguaiacol (11), had been formed 
by partial demethylation during the hydrolysis. The ether extracts were 
combined, dried in a nitrogen atmosphere, and distilled to yield 2.2 gm. 
(94%) of crude N-ethyl-3,4-dimethoxyaniline as a brown oil boiling over the 
range 95° to 113° C. (15 microns). 

N-Ethyl-3-methoxy-4-ethoxyformanilide (VIb) 

A solution of 3-methoxy-4-ethoxyformanilide (see above), 10 gm., in 65 cc. 
of dioxane was heated on the steam bath; 10 cc. of diethyl sulphate was added 
and concentrated aqueous potassium hydroxide was allowed to drip into the 
mixture at such a rate that the system remained nearly neutral. Another 
10 cc. of diethyl sulphate was added after 45 min. and the slow addition of 
the alkali was continued for a like period. A total of about 12 gm. of potas- 
sium hydroxide was used. After cooling, the slightly alkaline solution was 
diluted to 250 cc. with water and extracted with ether, the extract then being 
washed in succession with 2% caustic soda, 2% hydrochloric acid, and with 
water. The washed extract was dried over a mixture of anhydrous sodium 
sulphate and sodium bicarbonate and removal of the solvents under diminished 
pressure left 8.21 gm. (72%) of light brown crystals, m.p. 78° to 80°C. 
Recrystallization from absolute ether gave a colorless product melting at 79° 
to 80°C. Cale. for C1H1,0;N: C, 64.6; H, 7.7%. Found: C, 64.6, 64.3; 
H, 7.4, 7.9%. 

The hydrochloric acid used to wash the crude ether extract contained 
1.75 gm. of an amine which did not crystallize and which was not examined. 


N-Ethyl-3-methoxy-4-ethoxyantline (IIIb) 
A suspension of 7.3 gm. of the formanilide (V1) in 100 cc. of N sodium 


hydroxide was heated and stirred under reflux for one hour. After cooling, 
the mixture was made acid with hydrochloric acid and was extracted with ether 
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to remove any unhydrolyzed formanilide and was then made strongly alkaline 
again. <An ether extract of the oil which separated, after being dried and 
evaporated, left 5.46 gm. (87%) of light pink crystals, m.p. 40° to 42° C. 
Recrystallization from low boiling petroleum ether raised the melting point to 
43°C. Calc. for C;,Hi70.N: C, 67.7; H, 8.8%. Found: C, 67.5; H, 8.6%. 

The addition of ethereal hydrogen chloride to an ether solution of the amine 
precipitated the crystalline amine hydrochloride, m.p. 157° C., after recrystal- 
lization from absolute methanol. 

N-Ethyl-3,4-dimethoxyphenyl carbamyl chloride (VIIa) 

A solution of 2.3 gm. of phosgene in 10 cc. of benzene was added to 3.2 gm. 
of N-ethyl-4-aminoveratrole dissolved in 50 cc. of benzene, 8 cc. of pyridine 
was added and the mixture was heated under reflux for 30 min. The very 
dark liquid was cooled, extracted with dilute mineral acid, then washed 
with water and dried over anhydrous sodium sulphate. Evaporation of the 
resulting yellow benzene solution left a brown syrup that was taken up in 
petroleum ether and clarified with absorbent carbon. The filtrate deposited 
2.3 gm. of yellow crystals, m.p. 79° to 80° C., which were recrystallized, first 
from aqueous dioxane and then from ether — petroleum ether or from butyl 
ether, until almost all the yellow color was eliminated and the melting point 
was steady at 85° to 86° C. Cale. for Cu HwO3NCI: C, 54.2;H,5.8;N, 5.8%. 
Found: C, 54.2, 54.0; H, 5.9, 5.6; N, 5.8%. 
N-Ethyl-3-methoxy-4-ethoxyphenylcarbamyl chloride (V IIb) 

Solutions of 1.3 gm. of phosgene in 5 cc. of benzene, and of 2.5 gm. of the 
pure secondary amine (II1d) in 10 cc. of benzene, were heated together under 
reflux with 3 cc. of pyridine for 20 min. in a condensation parallel to the one 
just described for the 3,4-dimethoxy analogue (IIIa). In this case the crude 
product was colorless and recrystallization from ether — petroleum ether raised 
its melting point to 85°C. The yield of the pure carbamyl chloride was 
2.68 gm., or 85%. Calc. for CHiOs;sNCl: C, 56.0; H, 6.3; N, 5.4%. 
Found: C, 56.5; H, 6.5; N, 5.3%. 
sym-Diethyl-di-(3,4-dimethoxyphenyl)-urea (IIa) 

Potassium bicarbonate, 0.135 gm., the above 3,4-dimethoxycarbamyl 
chloride, 0.317 gm., N-ethyl-3,4-dimethoxyaniline, 0.946 gm., and toluene, 
3 cc., were boiled together under reflux for 25 hr. in an atmosphere of nitrogen. 
After isolation substantially as described below for the 3-methoxy-4-ethoxy 
analogue, the final somewhat colored syrup was allowed to crystallize slowly 
from 15 cc. of petroleum ether. Two further recrystallizations raised the 
melting point from 77° C. to 79° C. and left 0.214 gm. (41%) of pure product. 
Calc. for Co,HesO;N2: C, 65.0; H, 7.2; N, 7.2%. Found: C, 65.0, 65.2, 
65.1; 4, 7.4, 7.5, 7.4; N, 7.9%. 
sym-Diethyl-di-(3-methoxy-4-ethoxyphenyl)-urea (IIb) 

A solution of the proper carbamy1 chloride (VIId), 1.75 gm., and the proper 
N-ethylamine (IIIb), 1.8 gm. or 40% excess, in 8 cc. of toluene was heated 
under reflux for six hours with 0.5 gm. of anhydrous sodium carbonate. 
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After cooling and dilution with 20 cc. of ether, the solution was extracted in 
succession with dilute mineral acid, dilute alkali and water, was clarified 
with absorbent carbon and was dried. Evaporation left 1.71 gm. of a light 
yellow, viscous oil, of which 1.47 gm. distilled at 218° to 225° C. (0.5 mm.). 
The distillate crystallized when ground with ether and ‘dry ice’ and recrystal- 
lization from low boiling petroleum ether raised the melting point from 50° C. 
to51°C. Calc. for CosH320sNe : C, 66.4; H, 7.8;N, 6.7%. Found: C, 66.3; 
H, 7.6; N, 6.7, 6.7%. 

sym-D1-(3,4-dimethoxyphenyl)-ureaand N-Ethyl-N,N’-di-(3,4-dimethoxyphenyl)- 

urea (VIIIa, X = H and C.Hs) 

Potassium carbonate, 0.092 gm., 3,4-dimethoxyaniline, 0.566 gm., the cor- 
responding N-ethyl carbamyl chloride, (VIIa), 0.301 gm., and toluene, 3 cc., 
were heated together under reflux for four and one-half hours. The carbamyl 
chloride was a crude specimén melting at 80° instead of at 86°C. Filtration 
yielded white crystals which were extracted with two 2-cc. volumes of hot 
toluene (the combined extract being retained) and then with 6 cc. of hot 
butyl ether mixed with 14 cc. of ethanol. The residue, together with the 
crystals deposited as the butyl ether — alcohol extract cooled, weighed 0.094 
gm. (20%) and melted at 212° to 213°C. The product was combined with 
that of similar melting point from another run and recrystallization of the 
long white needles from hot ethanol raised the melting point to 213° to 214° C. 
Analysis showed that the substance was a di-(3,4-dimethoxypheny]l)-urea 
resulting from the presence of the carbamy] chloride of (IVa) in the crude 
sample of (VIIa) used. Calc. for CizH2a0OsN2: C, 61.5; H, 6.0; N, 8.4%; 
mol. wt. 332. Found: C, 61.2; H, 6.1; N, 8.5%; mol. wt. (Rast). 341, 318. 
Melting points already in the literature are 215°C. (1) and 219°C. (10). 


When chilled, the 4 cc. of toluene extract (see above) deposited white cry- 
stals which were washed with water, dilute hydrochloric acid, and again with 
water. On drying, their color became light blue, but extraction with cold 
ethanol, followed by recrystallization from hot ethanol, removed the color 
and left 0.081 gm. (18%) of crystals melting at 158°C. The crop was com- 
bined with one of similar melting point from another run but recrystallizations 
from ethanol and toluene failed to raise the melting point above 159° C. 
This substance was N-ethyl-N,N’-di-(3,4-dimethoxyphenyl)-urea. Calc. for 
CisHO;sNe2: C, 63.3; H, 6.7; N, 7.8%; mol. wt., 360. Found: C, 63.1; 
H, 6.7; N, 7.8%; mol. wt. (Rast), 336. 
N-Ethyl-N,N’'-di-(3-methoxy-4-ethoxyphenyl)-urea (VIIIa, X = C.Hs) 

A sample, 0.2 gm., of N-ethyl-(3-methoxy-4-ethoxyphenyl)-carbamyl 
chloride (VIIb), together with 0.16 gm. of 3-methoxy-4-ethoxyaniline hydro- 
chloride and 0.1 gm. of sodium carbonate dissolved in 5 cc. of water, was 


heated and stirred on the steam bath for half an hour. Recrystallization of 
the crystalline deposit from ether — petroleum ether left 0.285 gm. (91%) of 
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colorless needles, m.p. 126° to 127°C. Calc. for C2a:H2s0;N2: C, 64.9; 
H, 7.3; alkoxyl as OCH;, 31.7%. Found: C, 64.5, 64.5; H, 7.4, 7.2; 
“OCH,”, 31.3, 31.3%. 


sym-Di-(3-methoxy-4-ethoxyphenyl)-urea (VIIIb, X = H) and 3-methoxy-4- 
ethoxyphenylurea (IXb) 

The condensation of 3-methoxy-4-ethoxyaniline hydrochloride, 2 gm., with 
0.6 gm. of urea in presence of 20 cc. of water, was based upon similar work 
by Davis and Blanchard (6). The mixture was boiled under reflux for one 
hour and the resulting slurry of crystals was filtered without cooling. Chilling 
the hot filtrate caused the deposition of a different crop of crystals that was 
recovered by filtration. The cycle of heating the mother liquor under reflux, 
then filtering hot and filtering cold, was repeated three times. Recrystalliza- 
tion, from boiling ethanol, of all the crystals deposited from the hot liquid 
yielded 0.2 gm. as needles melting at 208° to 209° C. These crystals analyzed 
for the disubstituted urea (VIIIb, X = H) and were identical with those 
prepared by condensing the original amine with phosgene. Calc. for 
CypHaOsN2: C, 63.3; H, 6.7%. Found: C, 63.3, 63.5; H, 6.7, 6.7%. 

Recrystallization from water of all the crops recovered from the chilled 
filtrates gave 0.43 gm. of colorless needles, m.p. 176.5° C., which had the 
composition of the monosubstituted urea (IXd). Calc. for CioH.O3N2 : 
C, 56.9; H, 6.7%. Found: C, 57.1; H, 6.8%. 
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STUDIES IN THE POLYOXYPHENOL SERIES 


IV. THE SYNTHESIS OF N-ETHYL-3,4-DIMETHOXYANILINE 
FROM GUAIACOL! 


By R. Y. Morr? anp C. B. PURVES 


Abstract 


N-Ethyl-3,4-dimethoxyaniline (N-ethyl-4-aminoveratrole) was prepared in 
50% to 60% yield by heating 4-bromoveratrole with aqueous ethylamine and a 
cuprous chloride catalyst at 95° to 100°C. This synthesis was much better 
than those previously reported. Replacement of the ethylamine with ammonia 
yielded only 33% of crystalline 4-aminoveratrole, which others have shown to be 
much more readily accessible from the 4-nitro derivative. Some of the published 
methods of preparing 4-bromoveratrole from guaiacol were compared, and the 
compound was also obtained by the direct bromination of veratrole. The 
acetate of 4-bromoveratrole, m.p. 49° C., and 3,4-dimethoxyformanilide, m.p. 
88° C., were described, apparently for the first time. 


Introduction 


Although N-ethyl-3,4-dimethoxyaniline (N-ethyl-4-aminoveratrole, IV) has 
been synthesized from vanillin via 4-aminoveratrole (8), seven or eight distinct 
steps were required, some of the intermediates were difficult to purify, the 
product could not be crystallized, and the over-all yield was poor. These 
disadvantages suggested that guaiacol (1) be employed instead of vanillin as 
a starting point for a synthesis of (IV). The present article shows that 
4-bromoguaiacol (II) and 4-bromoveratrole (III) are the only intermediates 
necessary for such a synthesis and that the replacement of (II) by acetyl 
guaiacol (V) and its 5-bromo derivative (V1) offers no practical advantages. 

According to an early German patent (17), the bromination of guaiacol at 
a low temperature gave fine white needles melting at 45° to 46° C. Robertson 
(23) thought that (11) was the only monobromoguaiacol produced, in unstated 
yield, by bromination in cold, glacial acetic acid containing sodium acetate, 
but his product did not solidify when cooled below 0°C. Freudenberg, 
Fikentscher, and Harder (5) employed an acetic acid—quinoline—sulphuric 
acid medium for the bromination and methylated the resulting solid 4-bromo- 
guaiacol, in unstated but very good yield, to 4-bromoveratrole. A repetition 
of Robertson's work showed that the crude preparation contained higher and 
lower boiling fractions and that the yield of 4-bromoguaiacol was about 50%. 
The substance was a colorless oil that air rapidly turned brown and that 
partly solidified when kept for several days near 0° C. Acetylation yielded a 
new, crystalline acetate (VII), melting at 49° C., which was proved to be 
nonidentical with the known isomeric 5-bromoacetylguaiacol (VI) melting at 
64° C. and prepared by brominating acetyl guaiacol (15). Some confusion 


1 Manuscript received in original form March 13, 1948, and, as revised, June 10, 1948. 
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in the literature was created because compound (VI) was indexed as the 
4-bromo derivative in the Beilstein, as opposed to the British and Chemical 
Abstracts, system for catechol derivatives, but nevertheless Freudenberg and 
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his collaborators (5) realized that (11) and (VI) yielded the same 4-bromo- 
veratrole (111) when methylated. This conclusion, together with the dis- 
cussion by Jones and Robinson (20) of bromo and nitro position isomers in 
the catechol ether series, supported the structures assigned to (II), (V1), and 
(VII). 4-Bromoveratrole was a colorless oil, previously obtained from 
5-bromoguaiacol by methylation with methyl iodide and caustic potash (19), 
from diazotized 4-(or 5-)bromo-3-aminoveratrole (24), from veratrole and 
N-bromosuccinimide (3) or cyanogen bromide (1), or bromine diluted with 
air (9); probably also from diazotized 4-aminoveratrole (22). The experi- 
mental portion describes a direct bromination of veratrole with liquid bromine 
that resulted in a 44% yield of the 4-bromo derivative. 

The conversion of 4-bromoveratrole to the N-ethyl-4-amino derivative (IV) 
is of a type much more difficult and less well known for aromatic than for 
alkyl halides. Bergstrom and others (2, 28) discussed the condensation of 
aryl halides with metallic amides and noted that bromides were preferable to 
other halides in the condensation and that the reaction was catalyzed by the 
amide ion. They employed no amine other than ammonia. Later work 
revealed the fact that a-naphthyl halides were extensively changed to 
B-naphthylamine during such condensations (25) and Gilman and Avakian 
(10) recovered m-amino derivatives from various o-halogenated aromatic 
ethers. Rearrangements were also encountered when tertiary amines were 
prepared from lithium dialkyl amides and an alkyl or aryl halide (18); 
a-naphthyl halides, for example, gave B-diethylamino products (11), and 
o-bromoanisole or o-bromodimethylaniline yielded m-amino derivatives (12). 
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The direct preparation of aniline from chlorobenzene represents an alternative 
general method covered by many patents but exactly described only in a 
somewhat inaccessible article by Vorozhtzov and Kobelev (26, 27). Adequate 
experimental details were given by Groggins and Stirton (13) for the reaction 
between ammonia and chlorodipheny! at elevated temperature and pressure. 
In a later review (14) the authors stated that such condensations were 
catalyzed by cuprous oxide or chloride, and that aryl bromides were much 
more reactive than chlorides. A patent by Mills (21) extended the condensa- 
tion from ammonia to amines and showed that N-methyl-4-chloroaniline 
resulted when 4-chlorobromobenzene was heated at 110°C. for five hours 
with a 5 M excess of 33% aqueous methylamine and a catalytic amount of 
cuprous chloride. 

Mills’ conditions were adapted to the condensation of 4-bromoveratrole 
with a 5 to 10 M excess of ethylamine, although longer times of heating at a 
slightly lower temperature had to be employed. The highest yields of crude 
N-ethylaminoveratrole (IV) (50 to 59%, Table I, Runs 2, 3, and 4) were 
obtained after heating the mixture for one to two days with an aqueous 
cuprous chloride suspension prepared as described in the Experimental portion. 
In Run 4, the ethylamine was mixed with the catalyst and the bromoveratrole 
before the bomb was sealed, whereas, in Run 5, the amine was contained in a 
separate open vessel within the bomb. The large difference in the results of 
these two runs suggests that good yields depended upon high efficiency in 
mixing and shaking. 




















TABLE I 
CONDENSATIONS OF 4-BROMOVERATROLE WITH ETHYLAMINE AT 95° To 100°C. 
‘ oy 

+n, iene, a m Yields, % of theory 
Run ape amine, cc. | catalyst Time, hr. N-ethyl- 4-Bromo- 
_ aminoveratrole veratrole 

1 20.1 36 I 7 16 71 

2 20.0 37.5 II 25 50 17 

3 19.6 36 II 39 53) 11 

4 t7.1 44 II 41 59) 
S 10.3 49 III 44 23 = 
| 























Although the crude N-ethylaminoveratrole was easily characterized in 75 to 
80% yield as its crystalline N-acetyl derivative, m.p. 60° to 62°C., (8), all 
attempts to obtain the amine itself in a crystalline condition were fruitless. 
Some of the product from Run 5, when analyzed by the Hinsberg method (16), 
yielded 90% of the crystalline benzenesulphonyl derivative of IV together 
with about 1% of a tertiary amine and 7% of crystalline N-benzenesulphonyl- 
4-aminoveratrole. A trace of ammonia in the large excess of ethylamine 
used in the condensation would account for the 4-aminoveratrole found; or 
the latter might be the result of ethylamine or the N-ethyl-4-aminoveratrole 
decomposing on the catalyst. These possibilities were not investigated. 
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A similar condensation of 4-bromoveratrole with aqueous ammonia yielded 
33% or less of the pure amino compound. This lack of success was of little 
moment, for Cardwell and Robinson (4) showed that dilute nitric acid and 
veratrole gave a 99% yield of the pure, crystalline 4-nitro derivative, which 
later workers (7) hydrogenated almost quantitatively over a palladium 
catalyst to 4-aminoveratrole. The formyl derivative of the latter, 3,4- 
dimethoxyformanilide, m.p. 88° C., was characterized, apparently for the 
first time, in the course of the present research. 


Experimental 


Melting points were uncorrected unless otherwise stated. 
4-Bromoguatacol (II) 

Robertson’s outline method (23) was followed. Glacial acetic acid, 300 cc., 
guaiacol (Merck Company, light brown in color), 110 cc., and hydrated 
sodium acetate, 136 gm., were mechanically stirred at temperatures below 
0° C. (ice-salt bath) while 51 cc. of bromine in 102 cc. of glacial acetic acid 
was slowly added from a funnel. The addition required 90 min. and the 
- temperature was not allowed to rise above 4°C. After being stirred for a 
further 45 min., the solution was poured into 3 liters of water and the mixture 
was twice extracted with ether. The combined ether extracts were washed 
repeatedly with water and dried, the solvent was removed by evaporation, 
and the residue distilled to yield 141.2 gm. of a yellow oil, b.p. 115° to 141° C. 
(14 mm.). The considerable low and high boiling fractions were discarded 
and refractionation of the main fraction at 13 mm. pressure gave 11.2 gm. 
(probably crude guaiacol), b.p. up to 100° C.; 7.9 gm., b.p. 100° to 129° C. 
(mostly above 125° C.); and 99.6 gm. (49%) of the 4-bromoguaiacol, b.p. 
129° to 132°C. Robertson’s product boiled at 180° to 182° C. (60 mm.). 


4-Bromoacetylguaiacol (VII) 


A mixture of 4-bromoguaiacol, b.p. 129° to 132°C. (13 mm.), 4.6 gm., 
acetic anhydride, 5 cc., and concentrated sulphuric acid, 1 drop, was heated 
on the steam bath for 95 min. and then kept at room temperature for a day. 
After dilution with 30 cc. of ether, the mixture was extracted with an ice-cold 
solution of 5 gm. of potassium hydroxide in 40 cc. of water, and was then 
washed with water and concentrated. Distillation yielded 3.9 gm. (70%) of 
a slightly yellow oil, b.p. 143° to 148° C. (12 mm.), which soon solidified when 
kept near 0° C. Two recrystallizations of the solid from 15 cc. volumes of 
petroleum ether, followed by drying over concentrated sulphuric acid and 
paraffin wax, raised the melting point of the large white crystals to 49° C. 
Calc. for CogHygO3Br (VII): C, 44.1; H, 3.7%. Found: C, 44.4, 44.3; H, 
3.9, 3.9%. 

Acetylguaiacol, b.p. 120° to 121° C. at 12 mm. pressure (6), was brominated 
substantially as described (15). The resulting 5-bromoacetylguaiacol (VI), 
isolated in 55% yield, boiled at 152° to 154°C. (12 mm.) and attained 
the correct melting point of 63° to 64°C. after two recrystallizations from 
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chilled petroleum ether. A mixed melting point with an equal amount of the 
4-bromo isomer was in the range 28° to 43° C., thus proving the nonidentity 
of the two substances. 


4-Bromoveratrole (III ) 

(a) From 4-bromoguaiacol (II). The bromo derivative, 70.2 gm., was 
heated on a boiling water bath and stirred while a solution of 33.7 gm. of 
potassium hydroxide in 50 cc. of water, and 41.5 cc. of technical dimethy] sul- 
phate, were added at approximately equivalent rates from separate dropping 
funnels. After the additions, which took 20 min., and after a subsequent 
half-hour of heating and stirring, the mixture was cooled, diluted with 400 cc. 
of water, and extracted twice with ether. Distillation of the ether extracts 
yielded 59.7 gm. (80%) of crude 4-bromoveratrole as a colorless oil, b.p. 
130.5° to 139° C. (16 mm. te 15 mm.). Gaspari’s (9) boiling point of 254.5° 
to 256° C. presumably referred to atmospheric pressure. 

(b) From 5-bromoacetylguaiacol (VI). The bromoacetate (15), m.p. 63° to 
64° C., 10.3 gm., was dissolved in about 40 cc. of water containing about 
3 gm. of sodium hydroxide by mechanical stirring for five minutes at 70° to 
80° C. Dimethyl sulphate, 6 cc., and another 3 gm. of caustic soda in 10 cc. 
of water, were added over a period of 10 min. and the methylated product was 
isolated as described in (a). The yield of 4-bromoveratrole, b.p. 130° to 131° 
(14 mm. to 11 mm.), was 6.6 gm. or 72%. 


(c) From veratrole. A solution of 145.4 gm. of veratrole in 585 cc. of carbon 
tetrachloride was mechanically stirred near 0° C. while a solution of 43 cc. of 
bromine in 110 cc. of the tetrachloride was slowly added during 65 min. 
Stirring was continued for 50 min. longer; the mixture was extracted three 
times with water and was dried over calcium chloride, and the solvent removed 
by distillation. Fractional distillation of the residue left 102 gm. (44%) -of 
4-bromoveratrole as a colorless oil, b.p. 125° to 136° C. (11 mm.). 

The forerun appeared to be largely veratrole, and a high boiling fraction 
deposited crystals, m.p. 89.6° to 91.6° C. and weight 10.9 gm., after recrys- 
tallization from alcohol. The m.p. recorded for 4,5-dibromoveratrole is 92° 
to 93° C. (20). 

Preparation of Cuprous Chloride Catalyst (Table I, No. II) 

A filtered, boiling solution of 16 gm. of hydrated sodium sulphite, 7 gm. of 
potassium hydroxide, and 21.7 gm. of sodium chloride in 130 cc. of water was 
mixed with a solution composed of anhydrous copper sulphate, 20.1 gm., 
sodium chloride, 32.4 gm., and 100 cc. of water. The unfilterable precipitate 
was allowed to settle and was thoroughly washed, by decantation, with water. 
The final volume of the suspension was 60 to 70 cc., and its green color sug- 
gested that it contained some unreduced cupric copper. Storage was under 
nitrogen. 


Slight modifications in the preparation gave catalyst I, whose orange color 
indicated some content of cuprous oxide, and catalyst III, which was a brown 
suspension. 
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N-Ethyl-4-aminoveratrole (Table I, Run 2 ) 


The liquid 4-bromoveratrole, 20 gm., ethylamine, 37.5 cc., and 15 cc. of 
the catalyst II suspension (corresponding to about 5 gm. of copper sulphate) 
were heated together for 25 hr. in a steel bomb at a temperature close to 
100°C. After thorough cooling, the bomb was opened and the contents 
filtered, some metallic copper being noted in the residue. Evaporation under 
reduced pressure removed the excess ethylamine and about half of the water 
from the filtrate. The latter was then made strongly acid with concentrated 
hydrochloric acid, added in the presence of ice, and was extracted with ether. 
Crude 4-bromoveratrole, 3.4 gm. (17%), was recovered as a brown oil, b.p. 
110° to 132° C. (12 mm.), from the ether extract. 


The acid aqueous layer from the ether extraction was diluted with ice, 
made strongly alkaline with 50% potassium hydroxide, and extracted three 
times with ether. An emulsion that formed was broken up by filtration. 
The combined ether extracts were dried over solid potassium hydroxide and 
on distillation yielded 8.4 gm. (50%) of crude N-ethyl-4-aminoveratrole as a 
brown oil, b.p., 154° to 163° C. (11 mm.). 


Acetylation of the product yielded 8.4 gm. (81%) of distilled N-ethyl- 
3,4-dimethoxyacetanilide from which 7.7 gm. (75%) of crystals, m.p. 55° to 
58° C., was obtained. Recrystallization from petroleum ether, or from 
methylcyclohexane gave pure material, m.p. 60° to 62° C., not depressed by 
admixture with samples derived from the Hinsberg and 3,4-dimethoxy- 
formanilide syntheses previously described (8). 


A 0.812 gm. sample of crude N-ethyl-aminoveratrole from Run 5 (Table I) 
was examined by the Hinsberg method (16), the first step of which involved 
condensation with 1 cc. of benzenesulphonyl chloride in presence of aqueous 
caustic potash (1.8 gm. in 15 cc.). The tertiary amine fraction consisted 
of 10 mgm. of a syrup which was not further examined; the primary amine 
fraction, 0.106 gm. or 6.8%, was benzenesulphonyl-4-aminoveratrole, whose 
melting point after recrystallization was correct at 131° to 132° C., and not 
depressed by admixture with an authentic sample (8). The remaining 
fraction, 1.29 gm. or 90%, was the expected N-ethylbenzenesulphony]l- 
4-aminoveratrole, melting point and mixed melting point being correct at 93° 
to 94° C. (8) after recrystallization. 


4-A minoveratrole 


4-Bromoveratrole, 70.6 gm., 28% aqueous ammonia, 257 cc., and 7.3 gm. 
of cuprous chloride were contained in the glass liner within an autoclave 
from which air was displaced by hydrogen. The assembly was mechanically 
shaken for 15 hr. at 108° to 127° C., and, after isolation, a heavy cake of 
crystals was separated by filtration from the liquid product. The liquid was 
thoroughly extracted with ether and with ethyl acetate and the combined 
extracts were used to extract a solution of the crystals in an excess of dilute 
hydrochloric acid. Evaporation of the ether — ethyl acetate liquors left 3 cc. 
of a dark brown oil, probably crude 4-bromoveratrole. The acid aqueous 
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layer was then made alkaline with a large excess of aqueous caustic soda mixed 
with ice, and extraction with four portions of benzene then removed 4-amino- 
veratrole. After recovery, the product distilled as a light yellow oil, b.p. 
157° to 160° C. (13 mm.), which rapidly solidified to crystals with the correct 
melting point of 85.7° to 88° C. (corr.). The yield was 16.2 gm. or 33%. 

In another preparation, the aqueous ammonia, catalyst, and 4-bromovera- 
trole were heated at 132° to 142° C. for about 63 hr. but without mechanical 
shaking. The yield of 4-aminoveratrole was 1.3%, and 70% of the 4-bromo- 
veratrole was recovered unchanged. 


3,4-Dimethoxyformanilide 

4-Aminoveratrole, 10.1 gm., and 87% to 90% formic acid, 3.2 cc., were 
heated together under gentle reflux for one-half hour in a nitrogen atmosphere. 
When kept in an ice-salt bath the dark brown, very viscid product solidified 
to a hard mass that was triturated with water and dried in the air. Recrystal- 
lization, once from ethanol—isopropyl ether and twice from benzene, left 
3.9 gm. (33%) of the desired formanilide, m.p. 87.8° to 88.7°C. (corr.). 
Found: C, 59.6; H, 5.9; N, 7.7%. Calc. for CsHyWO3N: C, 59.7; H, 6.1; 
N, 7.7%. 
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EXCHANGE REACTIONS IN THE URANYL-URANOUS SYSTEM! 


By R. H. BEtTTs 


Abstract 


The rate of interchange of uranium atoms between tetravalent uranous ion 
and hexavalent urany] ion in sulphuric acid solutions has been measured using 
U3 as a radioactive tracer. Interchange takes place most readily under the 
influence of light. Values are given for the rate of exchange for various condi- 
tions. Some correlation is made between the electrochemical behavior of the 
system and the observed rates of exchange. Suggestions for future study are 
made. 


Introduction 


This paper is concerned with the interchange of uranium atoms between 
the uranyl ion, UO,**, and the tetravalent ion, U/", in sulphuric acid solutions. 
U*33 has been used as a radioactive tracer for uranium. This investigation 
was originally suggested by Heal in his papers on the electrochemistry of 
uranium (4, 5), in which he indicated that studies of this type could perhaps 
furnish further evidence for the existence of the pentavalent uranyl ion UQs2*. 
Electrochemical evidence for the transient existence of this ion, as well as 
other pertinent information on the U/"’—U"! system, are reviewed briefly 
below. 

The investigations of Heal (4, 5) and of Kolthoff and Harris (7, 8, 9) provide 
the most recent account of the electrochemistry of uranium ions in aqueous 
solution. Four valence states are recognized: U///, U/", UY (UQ,.*), and 
UY! (UO,.*+). Of these, U//! need not be considered here. The most stable 
valence state is six; its reduction to U!" is believed to be a multistage process, 
only the first stage of which is reversible: 


UO.++ + e&- ——> UO,t (1) 


The subsequent reduction of UQOs,* is irreversible and probably proceeds by 
discharge of UO.*, followed by the inverse hydrolysis of the neutral UO: to 
form U*4.* 

The pentavalent ion formed in Reaction 1 is unstable in aqueous solution; 
no stable solid salts of this valence are known. In solution, it dispropor- 
tionates to form one ion of U?" and one ion of U"!: 

2U0,+ + H+ =~ UO.H+ + UO,++ (2) 
Small amounts of U" are formed in a solution of U/" and U" by the reverse 
of Reaction 2. Heal estimated the concentration of UY (in the dark), in 
equilibrium with 0.03 M U!" and 0.03 M U"!, to be approximately 10-* M. 


1 Manuscript received April 20, 1948. 
Contribution from Research Division, Atomic Energy Project, National Research Council 
of Canada, Chalk River, Ont. Issued as N.R.C. No. 1811. 


The configuration and net ionic charge of the U'* ion is still not definitely known; in the 
literature, it has been written variously as UO**, UOH*, UO.H*, and U****, 
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He found that the equilibrium given by Reaction (2) may be altered by shining 
a light on the system. One of the ionic species, presumably U"!, then 
becomes photochemically activated, and oxidizes small amounts of U!" to U", 
with a concomitant and equivalent reduction of itself to U". When the light 
is removed, the excess UY disproportionates until its appropriate ‘dark’ con- 
centration is again established. 


Further, the UY’ — UY couple is believed to be the electromotively active 
species in a solution of U/”, U", and U"’. Heal was able, by measuring the 
rate of change of potential of a free electrode in a solution under illumination, 
to deduce the approximate rate constant for the disproportionation of 
pentavalent uranium. He also showed that the reaction was first order with 
respect to H*, as indicated in Equation (2). 

Sufficient has been described of the electrochemistry of this system to 
indicate the role of exchange reactions in a study of the ionic equilibria 
involved. In the present studies, one of the ionic species (UO,.++) has been 
labelled with a more strongly radioactive isotope of uranium (U”*), and mixed 
with natural uranium as U/". The subsequent changes in specific activity* 
of the two principal species were then measured for various experimental 
conditions. The results thus obtained have been compared with those 
derived from the electrochemical studies already discussed. 


The number of possible variables in this system is clearly very large, and 
includes pH, ionic strength, temperature, variations in illumination, influence 
of other cations and anions, and variations in the U!" and U"! concentrations. 
An attempt has been made in the present investigations to examine only a 
selected few of these variables. The effect of pH, temperature, and U/" 
and U”! concentrations have been evaluated over a relatively narrow range. 
No attempt has been made to investigate the effect of ionic strength on the 
rate of the exchange; this effect would probably be very large for reactions 
between such highly charged cations. Instead, the ionic strength has been 
kept constant by use of sodium sulphate — sulphuric acid mixtures, in which 
the total sulphate ion concentration was constant for all experiments at 
1.91 + 0.01 M. 

Experimental 
A. Reagents 

Uranyl sulphate was prepared by dissolving accurately weighed amounts of 
99.9% uranium trioxide in standard sulphuric acid or sodium sulphate — 
sulphuric acid solutions. Uranous sulphate was prepared from these urany! 
sulphate solutions by electrolytic reduction of UY! at a mercury cathode in a 
two-compartment cell (11). The anolyte was acid of the same strength as that 

* The term ‘‘specific activity” is defined in this context as the observed number of a counts 
per minute per milligram of the ionic species concerned. Since no net change occurs in the con- 
centrations of U'¥ or U*! as the exchange proceeds, the a-activity arising from natural uranium 
remains constant for a particular set of conditions. Its contribution to the observed specific activity 
of each of the valence states may therefore be very simply taken into account. For this purpose, 
the a-activity of natural uranium has been taken as 1500 disintegrations per min. per mgm. of 


U (10). Since the geometry of the counter used in the present studies was 43.5%, this leads to a 
value of 653 observed counts per min. per mgm. for the specific activity of natural uranium. 
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used in preparation of the original UY solutions. Electrolysis was continued 
until the first trace of brown U/"! was formed. At this point the current was 
stopped, and air blown through the solution for a minute or two to ensure the 
complete reoxidation of U”’ to U’". Estimation of the U’” content was 
made by titration with standard potassium permanganate. 

The concomitant discharge of H+ was kept to a minimum in this procedure 
by using a low current density, and by stirring the solution during the reduc- 
tion. Measurement of the current efficiency for the process indicated that 
the principal electrochemical process was merely reduction of U/, and that 
virtually no hydrogen was formed. Consequently, the [H*] may be safely 
assumed to be that of the initial solution. 

U3 was supplied by courtesy of Mr. A. J. Cruikshank of these laboratories. 
This isotope of uranium, which is an @-emitter with a half-life of 163,000 
years, was prepared from neutron-irradiated thorium oxide (1). It was 
separated from thorium, and then precipitated as the peroxide, dissolved in 
sulphurous acid, and fumed down with sulphuric acid to ensure that only 
UO.*+ (and not U!") was present. Sufficient of this solution was added to 
the natural uranyl sulphate solution to give approximately 17,400 observed 
counts per min. per mgm. of uranium. 


B. Procedure 

The two uranium solutions, differing only in the valence state of the 
uranium, were brought to the desired temperature in a water bath, and 
then measured portions of each were pipetted into a glass stoppered flask, 
thoroughly mixed, and the flask replaced in the water bath beside a 300 w. 
tungsten lamp (see below). At intervals thereafter, 0.20 ml. samples were 
withdrawn, cooled to 0° C., and 0.10 ml. of a 6% aqueous solution of cupferron 
added. Under these conditions, cupferron precipitates U/" quantitatively, 
leaving UY! in solution (6). A measured volume of chloroform, previously 
cooled to 0° C., was then added to dissolve the cupferron—U!" complex. The 
mixture was stirred vigorously and then centrifuged to separate the two 
phases. In preliminary experiments, aliquots of both phases were taken for 
estimation of U*** activity. Concordant results were obtained whether the 
calculation of the rate of exchange was based on the increase in specific 
activity of U’” or on the decrease in activity of UY’. Therefore, in later 
experiments only the organic phase, containing U/", was taken for analysis. 

Measurement of a@-activity was made with an instrument described else- 
where (14). For each determination, three samples of chloroform were 
pipetted onto 10-mm. watch glasses, especially selected for uniformity. The 
chloroform was evaporated, and the residue ignited in a flame to destroy 
organic matter. These samples were then ‘counted’ sufficiently long to 
reduce the statistical error to less than + 2%. Agreement among triplicate 
determinations was generally within the statistical counting error. All 
counts were compared with a standard source; background counts were 
taken at intervals, and corrections made when necessary. Errors arising 
from self-absorption of a@-particles in the samples were probably negligible, 
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since the mass-thickness of each sample was always less than 0.25 mgm. 
per cm*. In any event, the mass-thickness did not vary significantly from 
one experiment to another, and possible errors caused by self-absorption 
would cancel out when the results for different experiments are compared. 

Separate experiments showed that less than 1.0% of the U” ions appeared 
in the organic phase, and that 1 to 1.5% of the U!" ions remained in the 
aqueous phase in this analytical scheme. Nocorrections have been made for 
these effects, since they virtually cancel each other for the conditions used in 
these studies. It was also established that the analytical scheme did not 
itself induce exchange of U*** atoms between U!" and U"!. 


C. Source of Illumination ; 

The flask containing U’” and U"!, as described above, was placed 4 cm. 
from a 300 w. tungsten lamp, which was also immersed in the water bath. 
The intensity of illumination was kept as constant as possible by means of 
rigid supports for both lamp and solution. In addition, to minimize short- 
period fluctuations in the a-c. mains, the lamp was operated through a constant 
voltage stabilizer. Gradual blackening of the lamp, which was obviously 
undesirable, was kept to a minimum by operating it at 75% of rated capacity 
through a variac transformer in series with the voltage stabilizer. 


Experimental Results 


The increase in specific activity of the U!” ion with time for various experi- 
mental conditions is given in Fig. 1. These changes in specific activity may 
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Fic. 1. Variation in specific a-activity of uranous ion with time (see Table I). Conditions 
for all experiments, except as noted, were: U'Y = 0.0205 M; U"! * 0.0206 M; H+ = 2.79 
N; T = 29.6° C.; constant illumination. Expt. 16, T = 38.6° C.; Expt. i, 23.2"'C. 
Expt. 18, H+ = 0.886 N. Expt. 20, UY! = 0.0104 M; Expt. 21, U'Y = 0.0105 M; 
Expt. 22, no illumination. 
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be related to the actual rate at which both the natural isotopes and | 
isotope undergo exchange. The treatment that follows is an adaptation of 
that given by Wilson and Dickinson (13) in their studies of exchange reactions. 


Let a = fraction of U!" radioactive at time ¢ minutes, 
and 6 = fraction of UY! radioactive at time ¢ minutes, 
Let m; = total concentration of U/", moles per liter, 


Let m2 = total concentration of U"’, moles per liter. 


(Separate experiments showed that m, and m2 did not vary significantly within 
the time required for each experiment, and so they may be regarded as 
constants. ) 

The total concentration of radioactive uranium will be constant, and is 
ps Gy: an, + bnz = aon; + done (3) 
where do and bo are the fractions of U’" and U"! radioactive at time fo. It 
will be recalled that the radioactivity of natural uranium has been taken into 
account, and that a and b refer only to U** q@-disintegrations. 

Let R be the constant rate (moles X liters“' X time~') at which U passes 
from the tetravalent to the hexavalent state and the reverse. Without refer- 
ence to the order of the reaction, the rate at which radioactive U’" is formed 
is given by the rate R at which U" is converted to U/", multiplied by the 
fraction 6 of U"! radioactive at time f¢, i.e., OR. Similarly, the rate of 
disappearance of radioactive U!" is given by aR. The net rate at which 
the concentration, am, increases is given by the difference between these two 
quantities, i.e., 








d (an) _ 
’ (6—a)R. (4) 
But from Equation (3), 
n ‘ 
b = — [ao — a] + bo. (5) 
Substitution of this expression for b in Equation (4) gives: 
da. [oat ba (mm) @ 
dt N\N»o N\N»2 
which leads on integration to 
_ tite [tm thm 2 tO) owe, ay 
nN; + Ne nN\N2 nN\nNo 
where D is the integration constant. If, when ¢ = 0,a = a, 
Se —N\N2 in [= + bone lie Nn, + “2 : (8) 
nN, + ite n\n N\No 


This expression for D may be substituted in Equation (7), to give 


R= 2.303 mn ne - m2 (bo — ao) (9) 








t mi + M2” m (ao — a) + M2 (bo — @) 
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If ao is zero or negligibly small in comparison to both a and po, then 


_ —2.303 mim _ a (m+ “| 10 
=s t are, we [1 bo Me "7 


The value of a/bo in Equation (10) is given simply by the ratio of the specific 
activity of U’" at time ¢ to that of U"! at time ¢. All quantities in this 
expression can therefore be measured conveniently; thus the rate R at which 
U atoms undergo exchange (mole X liter~! K min.—') may be calculated. In 
most of the experiments in this investigation a) was zero, and hence Equation 
(10) was used. In certain of the experiments for which ado was not zero, 
Equation (9) was used to calculate R. Table I gives the R values for the 
experiments shown in Fig. 1, together with other experimental data. 





TABLE I 


RATE OF EXCHANGE OF URANIUM ATOMS BETWEEN HEXAVALENT AND TETRAVALENT URANIUM 





























No. of rate 
~ 7 m, nN, H*, Temp., R ae 
Expt. No. | yyy | ult | “u’ | °C.’ | mole/liter/min. x 10 —* 

15 0.0205 | 0.0206 | 2.79 | 29.6 1.41 + 0.06 4 
19 0.0205 | 0.0206 | 2.79 | 29.6 1.39 + 0.02 4 
16 0.0205 | 0.0206 | 2.79 | 38.6 2.20 + 0.06 5 
17. | 0.0205 | 0.0206 | 2.79 | 23.8 1.12 + 0.02 5 
18 0.0205 | 0.0206 | 0.886| 29.6 1.99 + 0.04 4 
20 0.0205 | 0.0104 | 2.79 | 29.6 0.97 + 0.01 5 
21 0.0105 | 0.0206 | 2.79 | 29.6 1.00 + 0.01 4 
22+ 0.0205 | 0.0206 | 2.79 | 29.6 0.07 + 0.01 2 





Total sulphate ion concentration in all experiments = 1.91 + 0.01 M. 

* Average value for R given, together with average deviation from the mean. 

** 4 separate value of R was calculated for each experimental point given in Fig. 1. 

+ Expt. 22 was made in the dark. All other experiments were made with constant 
illumination. 


The following comments may be made regarding the data in Table I. 
Expts. 15 and 19 represent duplicate experiments, made some days apart. 
The value for R did not change within the experimental error (+ 3%). This 
result indicates that the light source remained constant during this period. 

Expts. 15, 16, 17, and 19 represent runs in which the only variable was the 
temperature. The apparent energy of activation, E, may be calculated from 
these results, using the integrated Arrhenius equation: 

ke TiT2 
E = 2.303 X 1.98 log | pas | ’ (11) 
where T; and T, are the absolute temperatures, k; and ke are the corresponding 
rate constants, and 1.98 is the value of the gas constant in calories per degree 
per mole. Since for these experiments, the rate of the reaction is directly 
proportional to the rate constant, appropriate values of R and T from Table I 
may be substituted in Equation (11) to calculate E. The apparent energy 
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of activation was found to be 8500 cal. per mole for Runs 15-16, and 8400 cal. 
per mole for Runs 16-17. Based on the maximum variations in the values for 
R, these figures are precise to + 500 cal. per mole. 

The rate of exchange in the dark (Expt. 22) is about 5% of that for the 
corresponding photocatalyzed reaction (Expts. 15 and 19). This result was 
confirmed in other experiments not listed in Table I. 

The order of the exchange reaction with respect to each of the probable 
reacting species (U/", U"!, and H*) was determined by the ‘differential’ 
method (2, p. 1047). In this method, measurements of the rate of reaction 
are made for solutions in which the concentration of only one species (e.g., U?") 
is changed at a time. Then if the order of the exchange is m with respect to 
the given species, its value is given by: 

log 
n= — (12) 
log 42] 
[Ai] 
where A; and Az are the concentrations of the reacting species, and R; and Re 
are the corresponding rates. 

Using the data provided by Expts. 15 and 18, the order of the reaction for 
H+ was found to be — 0.32, i.e., the rate of the reaction varied inversely as the 
0.32 power of the H* concentration. This value was confirmed in a set of 
three experiments in which [H*] was successively 0.886 M, 1.86 M, and 
2.79 M. These experiments were made with a light source different from 
that used in the experiments listed in Table I; however, other conditions 
were the same. The order of the reaction was found to be — 0.30. A possible 
explanation for this fractional value of m is given below. 

Similar experiments showed that the order of the exchange was the same for 
U!Y and U"!, n for each species having a value of 0.5. 


Discussion 


The marked effect of light on the rate of the exchange, together with Heal's 
conclusions regarding the higher concentration of U" under these conditions, 
points to this species as an intermediate in the exchange process. In this 
connection, Seaborg, in a review of exchange reactions, has suggested that 
exchange can occur between different valence states only when an intermediate, 
equivalent state is readily attained by both species (12). (Simple electron 
transfer also occurs readily where the valence states differ only in their net 
charge.) 


However, as Heal has pointed out, it is possible that the exchange may also 
occur through activated complex formation, and without the intervention of 
UV" atall. Eyring’s theory of rate processes suggests that all reactions proceed 
via the formation of a suitable activated complex, which is intermediate 
between reactants and products. The complex is maintained at low con- 
centration in dynamic equilibrium with the reacting species (3, p. 13). The 
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concentration of such a complex in the U/” — UY! system would probably be 
very low because of the electrostatic repulsion between the two cations. 
However, it is known that immediate interchange occurs in hydrochloric acid 
between ferrous and ferric ions, both of which are cations with high charge 
(12). Accordingly, if Eyring’s theory be accepted, a finite concentration of 
activated complex may be expected to exist even when the reactants are of 
like charge. 


In terms of the U7” — U"! system, the activated complex may break down 
either to form (i) U” ions, followed by disproportionation of UY to U!" and 
UY! (Equation (2) ), or (ii) to re-form the original configurations. Exchange 
of uranium atoms may occur by either of these processes. It is, of course, 
clearly impossible to distinguish between these two modes by exchange 
experiments alone. However, the data provided by Heal enable one to 
calculate, to order of magnitude, what the rate of the exchange should be via 
the disproportionation of UY ions. A small extrapolation of his data leads 
to a value of 3.5 X 10-* M for the equilibrium dark concentration of U" for 
the system used in the present studies. The rate constant k for the reaction 


H+ + 2U0.+ —> UO.** + UO.H+ (13) 


9 


is given as 1.2 X 10* gm. moles~ liter sec.—'. (4, 5). The rate of con- 
version of UY to U!" and U"”! is then 


R = k (UO.*} [H*] moles per liter per sec. 


In terms of U!” or UY formed, the rate will be one-half of this value, since only 
one-half of the uranium atoms in (2UQ,*) appears in either of the products 
separately. One then calculates that the rate of exchange of U atoms in the 
dark for Expt. 22 (Table I) to be: 


R=0.5 X 1.2 X 10' X (3.5 X 10-*)? K 2.79 X 60 mole per liter per min. 
= 1.2 X 10-*® mole per liter per min. 


The main source of error in this calculation lies in the value taken for the 
steady state concentration of U", since it enters into the rate expression as a 
square term. Heal states that a factor of two is not unlikely (4, 5). Taking 
an error of a factor of 10 as a maximum, the rate of exchange of U atoms, on 
the basis of Equation (13), should not be greater than 1 X 1077 mole per 
liter per min. However, Table | shows the observed rate to be 7 X 10-° 
mole per liter per min. (Expt. 22). One concludes that disproportionation 
of U" is insufficient, in itself, to account for the observed rate of exchange of 
U atoms between U/" and U"?. The low fractional order for H* participation 
in the exchange also suggests that at least two mechanisms are operative, one 
involving H+, and one that is independent of H+. The net result would then 
be, at least qualitatively, as observed. It is not unlikely that the exchange 
also occurs via the activated complex mechanism discussed earlier. 


It has been tacitly assumed in the foregoing that UY is the ionic species 
responsible for the initial photochemical activation. A few preliminary 
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qualitative trials have been made in the present investigation to test this 
assumption. The absorption spectra of U/Y and U" in the particular solu- 
tions used were determined separately with a Beckman spectrophotometer. 
Mixtures of U!", U"!, and Us,, were then illuminated in the spectrophoto- 
meter with monochromatic light which was absorbed only in U/" or in U", 
but not in both species. While the monochromatic light available was not 
as intense as could be desired, it appears that light of 650 my which is absorbed 
only by U!", was ineffective in promoting exchange of U atoms. Light of 
340 my which is absorbed by U'! produced a more rapid exchange (two to 
four times the rate of the dark reaction). These results point to U"! as the 
light-sensitive ion; however, more quantitative work along these lines is 
needed, using a stronger source of monochromatic light. A careful examina- 
tion of the absorption spectra of mixtures of U/” and U'! should also be made, 
with particular reference to transient changes, attributable to U", following 
intense illumination of the system. Further studies to obtain simultaneous 
correlation between the electrochemical phenomena and the exchange reaction 
itself are also indicated. 
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THE DISTRIBUTION OF THIAMINE AND RIBOFLAVIN IN 
WHEAT, OATS, AND BARLEY AT SUCCESSIVE 
STAGES OF PLANT GROWTH! 


By ALLEN D.: Rosinson, L. E. LYND, AND BARBARA J. MILES 


Abstract 


Renown wheat, OAC 21 barley, and Vanguard oats were grown in test plots, 
and the plants and their parts analyzed at approximately weekly intervals for 
thiamine and riboflavin. In wheat and barley, thiamine increased till after 
heading, translocation of it to the kernel continuing till the time of ripening. 
The thiamine content of the oat plant and its kernels continued to increase to 
the ‘dead ripe’ stage. When ripe, from 80 to 90% of the total thiamine in the 
tiller was located in the kernels, with the rest in the stem and, in barley, in the 
glumes and rachis. Negligible amounts were found in the leaves of all three 
varieties and in the glumes and rachis of wheat and oats. The riboflavin 
content of wheat decreased continuously till the plant ripened, when it became 
constant. The amount in the kernels was also constant at this stage. There 
were initial increases in both barley and oats, after which the amounts decreased 
till the grains were ripe. Barley kernels showed a constant riboflavin content 
from just before this stage. The riboflavin content of oat kernels continued to 
rise even after the grain was ripe. Less than half of the riboflavin of the ripened 
plants was found in the kernels. The stem contained nearly as much—in the 
case of wheat, more—--while appreciable amounts occurred in the leaves. 


Introduction 


In this laboratory, as in others, a marked variability has been found in the 
thiamine and riboflavin contents of different varieties of wheat, barley, and 
oats, a variability that it has not been possible to explain satisfactorily in 
terms of growing conditions. A study was initiated to test the effect of time 
of harvesting. If the vitamin content varies during the harvesting season, 
differences in the maturity of the plant at cutting might be reflected in different 
vitamin contents of the threshed grain. Subsequently the investigation was 
extended to include the vitamin contents of the plants and their parts from 
the time of emergence from the soil till the grains were harvested. 

KXohler (5) has studied the effect of growth on the chemistry of the immature 
Kanota oat plant. Sample plants were harvested and flash dried before 
analysis. Thiamine decreased from approximately 14 to 2 wgm. per gm. in 
the period from 24 to 42 days after planting. Riboflavin decreased from 27 
to 14 wgm. per gm. in the period from 24 to 35 days after planting. These 
nutrients—more markedly in the case of thiamine—showed maxima at the 
27 to 30 days after planting. 








jointing stage 

The distribution of thiamine in the wheat plant at successive stages of 
kernel development has been studied by Geddes and Levine (3). They used 
early- and late-sown Thatcher and late-sown Ceres wheat as test material and 


1 Manuscript received in original form April 26, 1948, and, as revised, June 5, 1948. 
Contribution from the Department of Chemistry, University of Manitoba, Winnipeg, Man., 
with financial assistance from the National Research Council. Issued as Paper No. 258 of the 
Associate Committee on Grain Research, and as Paper No. 2 of the Nutritional Research Institute, 
The University of Manitoba. 
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observed the changes in the vitamin contents of their kernels, glumes, and 
rachis, and stems and leaves from shortly after blossoming till full maturity 
was reached. They found that most of the thiamine in the mature plant was 
present within one week after blossoming; as the plant matured the vitamin 
was translocated from other parts of the plant into the developing kernels. 

The project reported herein was designed to reveal the thiamine and 
riboflavin contents of plants of three cereals—wheat, oats, and barley—and 
of their parts throughout the period from the time they emerged from the 
soil till harvesting. The germination period was neglected as were the root 
systems. 


Materials and Methods 


Renown wheat, OAC 21 barley, and Vanguard oats were the varieties 
selected for the tests. The thiamine contents of the seed grains were 3.5, 
3.6, and 5.6 wgm. per gm., while the riboflavin contents were 1.3, 1.5, and 
1.8 wgm. per gm., respectively, all on a dry basis. They were seeded in 
experimental plots on May 9, 1947. Each plot was about one-thirtieth of an 
acre in area. The plants emerged on May 19. After emergence, tillers were 
collected for analysis at approximately weekly intervals. It was expected 
that individual plants would show some variations in vitamin content. 
Accordingly, each sample selected for analysis was composed of about 150 
plants chosen at random from the plot and separated from their roots at 
ground level. These were cut in short sections and mixed. Duplicate 
samples were weighed from this for each analysis. The weight of material 
required for ali analyses is about the same as the weight of 10 to 20 plants. 
As the different plant parts formed they were analyzed separately. Again 
each analysis was of the material from about 150 plants. The heads were not 
separated into kernels and glumes and rachis till 92 days after emergence. 
Sampling was continued till the grain was overripe and a great deal of lodging 
had occurred. 

Early green tillers were finely divided by cutting. After heading, the 
different plant parts were air-dried at room temperature and ground on a 
Wiley mill to pass a 1 mm. sieve before samples were weighed from them. 
Moisture was determined by the vacuum oven method. Analyses for thiamine 
were made by the Hennessy (4) procedure. Riboflavin was determined by 
the method of Andrews (1, 2). Duplicate analyses for both thiamine and 
riboflavin showed good agreement, with 75% of the results being within 5% 
of the mean value for the particular pair of duplicates. Almost all the 
thiamine results which did not show such good checks were for low thiamine 
material such as mature leaves and stems and were in good agreement in 
terms of actual amounts of the vitamin. Moisture tests were still better, 
each pair agreeing well. Accordingly, it was concluded that the sampling 
technique had been adequate and each set of analyses was representative of 
the plot at that particular stage. 
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Results and Discussion 
Thiamine 
The results for thiamine together with essential agronomic data are recorded 
in Table I. Total vitamin contents reported for plants analyzed in parts 
TABLE I 


DISTRIBUTION OF THIAMINE IN PLANTS AT SUCCESSIVE STAGES OF GROWTH 






















































































Total thiamine, wgm. Distribution of thiamine, % 
Days 
after emer- Glumes Enti Glumes 
gence Kernels and Stems | Leaves rth Kernels and Stems | Leaves 
rachis er rachis 

Wheat 
29 -= = = 2:3 — — =n 
49 0.7 0.9 0.9 2.5 28 36 36 
56 — 1.3 0.5 = — — _— 
63 1.4 Be 0.7 3:8 37 45 18 
70 2.6 1.4 0.3 4.3 61 33 7 
79F 2.0 ie 0.1 3.4 59 38 2 
85 0.8 0.1 — — — — 
92t 2.9 0.0 0.5 0.0 3.4 85 0 15 0 
100 2.6 0.3 0.3 0.0 3.2 81 9 9 0 
106 3.0 0.4 0.4 0.0 3.8 79 11 11 0 
113 3.3 0.0 0.4 0.1 3.8 87 0 11 3 

Barley 
29 _- a= — 2.2 — — — 
38 — — — 4.9 -— = — 
45* -= — — 3.7 -= — — 
49 0.9 1.0 1.4 3.3 27 30 42 
56 2.4 2.9 1.9 i.2 33 40 26 
63t 3.9 1.8 0.8 6.5 60 28 12 
70 4.0 2.7 0.3 7.0 57 39 4 
79t aoe 0.4 0.1 a8 91 7 2 
85 = 0.7 0.0 — — — -- 
92 6.0 0.1 0.4 0.1 6.6 91 2 7 2 
100 4.8 0.4 0.4 0.0 5.6 86 7 7 0 
106 re | 0.7 0.3 0.0 6.1 84 12 5 0 
113 5.6 0.8 0.4 0.1 6.9 81 12 6 1 

Oats 
29 — — = 2.6 -- a --- 
38 —- a= — 5.0 oo — a 
45 —_ — — 4.2 — = _ 
49* — 1.6 3.6 Oe 2 —- 31 69 
56 2.0 1.9 4.1 8.0 25 24 51 
63 2.6 a 2.7 6.5 40 34 26 
70 4.2 2.2 1.9 8.4 50 27 23 
79+ 6.7 1.0 0.2 7.9 85 13 3 
85 — 2.0 0.2 — — — _— 
92 6.7 3.1 0.3 0.1 10.2 66 30 3 1 
100 9.1 0.4 Ne 0.2 10.8 84 4 10 2 
106 1253 0.0 0.1 0.2 11.6 97 0 1 2 
113 11.9 0.0 0.6 0.1 12.6 94 0 5 1 
* Heading. t Ripening. t Ripe. 
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were calculated from the analytical data for the plant parts. The actual 
weights used in the calculations were determined by weighing 10 plants, 
dissecting them, and weighing the parts. That is, average weights from 10 
plants were used. Table I shows the total amount of vitamin in micrograms 
in the plant or in the plant and its parts. These are probably the more 
significant data since they show the actual amounts present and form the 
best indication whether the vitamin contents are changing or have reached 
constant levels in the plants. It shows, too, the distribution of thiamine 
between the parts of the plant in terms of per cent of total thiamine in the 
plant. These data interpret better whether translocation is taking place 
between the different parts. 

The data for wheat appear in the top section of Table I. The figures for 
the entire tiller show an increase till after heading, which is somewhat later 
than the blossoming period reported by Geddes and Levine (3). Concentra- 
tions increased from 2.3 ugm. after four weeks from emergence to 4.3 ugm. 
just before the ripening period. Since this is the largest amount of thiamine 
found in the wheat plant it is believed to represent the end of the period during 
which it is being synthesized. Translocation of the thiamine to the kernel 
continued after this time until the wheat was ripening. The separation of 
the kernels from the glumes and rachis for separate analysis was not made 
until the grain was ripe. At this time the per cent of total thiamine in the 
kernels had reached 85—the highest value to be reached was 87—so it was 
concluded that translocation of the vitamin to the kernels was completed. 
The amounts in the glumes and rachis and in the leaves were negligible at 
this stage, so little further translocation could take place from them. The 
amount in the stem was 15% of the total and had reached an approximately 
constant value. This distribution is not quite the same as that reported by 
Geddes and Levine (3). These authors found about 75% of the total thiamine 
in the kernels and 20% in the stems and leaves, which were analyzed together. 


Data for the development of thiamine in barley appear in the center section 
of Table I. The plant attained its maximum thiamine content about the 
same time as the wheat, after heading but before ripening began. There was 
a greater variability in results here, but the concentration of 7.2 uwgm. attained 
56 days after emergence is greater than any other value reported and is 
interpreted as marking the completion of the period of synthesis of thiamine 
in the barley plant. Translocation of the vitamin to the kernel seems to 
have been completed at the time of ripening. From 80 to 90% of the total 
thiamine of the ripened plant is found in the kernels. Negligible amounts 
occur in the leaves, while the balance is divided more or less evenly between 
stems and glumes and rachis. The stage at which translocation was completed 
was the same as for wheat except that the number of days after emergence 
was less because of the shorter growing period. 


The total thiamine content of the oat plant as shown in the bottom section 
of Table I continued to increase even after the grain was ripe. From 10.2 
ugm. in the plant at the time of ripening it increased to 12.6 three weeks 
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later. This increase is probably not very significant, but it is different from 
the course in the other grains studied. The data presented do not permit a 
direct comparison with the values reported by Kohler (5), who found thiamine 
to decrease from approximately 14 to 2 ugm. per gm. in the period from 24 to 
42 days after planting. Our corresponding figures were 6.3 and 6.5 on a 
dry basis. We found no consistent increase or decrease in thiamine content, 
when reported as micrograms per gram on a dry basis throughout the growing 
season. The translocation of the vitamin to the kernel continued to a later 
stage than for the other grains. At the time the kernels had just ripened they 
contained 66% of the total thiamine in the plant. Two weeks later this had 
increased to 97. This represented a real and not an apparent increase, since 
the total amount in the kernels had risen from 6.7 to 11.3 ugm. At the same 
time the amount of thiamine in the glumes and rachis decreased from 3.1 to 
0 wgm. The amounts in the stems were somewhat variable but low, while 
those in the leaves were also very small. 


Riboflavin 

The riboflavin contents of the plants and their parts are reported in Table II. 
’ The data are arranged in the same way as those for thiamine in the preceding 
table. The riboflavin contents of the green plants are higher than the thiamine 
ones. The values gradually decrease as the plant matures. This is quite 
the opposite of what occurred with thiamine. 


The total amount of riboflavin in the wheat plant decreased from 13.1 ygm. 
at four weeks to 2.9 ugm. when ripe, when it became reasonably constant. 
Apparently all the vitamin is produced early in the life of the plant, with 
some being lost or destroyed subsequently, or if riboflavin is still being formed 
in the plant the amount is less than that lost or destroyed. The riboflavin 
content of the whole tiller reached a fairly constant value at the time the 
wheat was ripe. There was a corresponding decrease in the actual amounts 
in the kernels, which reached constancy when the grain was ripe. At this 
time the kernels contained less than 1 ygm. of riboflavin, which was less than 
one-third of that present in the whole plant. The greatest amounts are found 
in the stems, while the glumes and rachis and the leaves each contain about 
half as much as the kernels. It is difficult to judge whether translocation 
occurs at all in view of the large over-all losses of riboflavin. 

The data of the middle section of Table II reveal that barley showed a 
lower initial content of riboflavin than did wheat. This rose to a maximum, 
then decreased. This decrease continued till after the grain was ripe. Thus 
the total of 4.3 ugm. in the plant when the barley was ripe had decreased to 
3.9 in two weeks and 3.1 in three weeks. The total in the kernels did not 
change appreciably from 1.5 ywgm. just after the grain began to ripen. This 
represented less than one-half of all the riboflavin in the tiller. The stems 
contained nearly as much, while smaller amounts, 0.3 to 0.5 ygm., were 
found in the glumes and rachis and in the leaves. 
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DISTRIBUTION OF RIBOFLAVIN IN PLANTS AT SUCCESSIVE STAGES OF GROWTH 
















































































Total riboflavin, ugm. Distribution of riboflavin, % 
Days " 
alter emer- | Glumes Stn Glumes 
gence Kernels | and Stems | Leaves ng Kernels and Stems | Leaves 
| rachis _— rachis 

Wheat 
29 - _- — 13.1 — — — 
49 1.0 2.4 6.4 9.8 10 24 65 
56 1.4 3.8 3.0 8.2 17 46 37 
63 1.6 5.3 2.8 9.7 16 55 29 
70 2:3 2.4 1.1 5.8 40 41 19 
79+ 4 3.6 0.8 a9 20 65 14 
85 — : 0.6 —_ — — — 
92t 0.8 0.4 1.6 0.1 FB 28 | 14 55 3 
100 0.7 0.4 V4 0.4 2.6 27) |) 15 43 15 
106 0.9 0.1 1.4 0.5 2.9 31 3 48 17 
113 0.9 0.3 io 0.5 3.0 30 | 10 43 17 

Barley 
29 - — -— 6.2 — — — 
38 - — — 9.1 — -—— — 
45* -_ -_ ae 8.3 ee side -_ 
49 1.9 2.3 5.5 9.7 20 24 57 
56 3.4 3.7 8.2 15.3 22 24 54 
63t 2.8 3.0 4.4 10.2 27 29 43 
70 5 1.6 1.9 5.0 30 32 38 
79t 1.6 2.0 0.7 4.3 37 47 16 
85 0.9 0.4 — — — — 
92 is 0.4 1.3 0.7 3.9 38 10 33 18 
100 1.4 0.4 ..2 0.1 Fe | 45 13 39 3 
106 1.4 0.4 ..2 0.5 3.4 41 12 32 15 
113 1.4 | 0.3 L2 0.5 3.4 41 9 35 15 

Oats 
29 —- as = 6.9 —- — — 
49* — 2.5 10.7 12.2 — 12 88 
56 3.0 3.8 11.2 18.0 17 21 62 
63 2.6 4.3 K 10.8 24 40 36 
70 2.9 11.1 7.2 21.7 13 51 35 
79F Ye | 4.9 t.2 8.8 31 56 14 
85 — 3.8 0.9 _ — _ ae 
92t 23 0.9 2.3 0.4 5:3 29 18 45 7 
100 2.0 0.1 3.5 i | 4.3 27 1 48 23 
106 0.3 1.6 1.0 5.0 42 6 32 20 
113 2.4 0.1 1.9 1.0 5.4 44 2 35 19 
* Heading. + Ripening. t Ripe. 


The data for oats presented in the bottom section of Table II reveal that 
the plant resembled the barley one in that it showed an initial increase in 
riboflavin content, then a decrease. These data are not directly comparable 
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with those reported by Kohler (5). However, whereas he found that ribo- 
flavin decreased from 27 to 14 ugm. per gm. in the period from 24 to 35 days 
after planting, our results were 30.2 and 23.3 ugm. per gm. on a dry basis 
for the same period. That is, there was a decrease, but not as marked a one 
as he reported. We found that the total riboflavin content reached a fairly 
constant level, approximately 1 ugm., when the plant was ripe. The kernels 
showed a slight increase in riboflavin till the end of the experiment. It is 
possible that this is more apparent than real, and that oat kernels have a 
fairly constant riboflavin content after they have ripened. As with barley, 
they contain less than half the riboflavin of the whole tiller. The stems 
contain an equal amount, the leaves about 20% of the total, and the glumes 
and rachis very little. 

In interpreting these results it is borne in mind that results of vitamin 
analyses of cereals may show variations due to the limitations of the method 
and, in a study of this sort, to unavoidable sampling errors. It is appreciated 
that the observations made may be valid only for this experiment. In the 
case studied, the time of harvesting does not appear to affect the vitamin 
content of wheat and barley, provided the grain is not cut until it is ripe. 
With oats, later cutting may result in increased thiamine and possibly in 
increased riboflavin contents. 
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